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PREFACE TO ITIE FOURTH EDITION. 


This book iiojv (‘ontains a very full Iroatment of the 
elements of Geometrical ()j>tics ; bui those portions of tlu^ 
subject M'bicb ve(|uire a(lvanc(*<l matliematics are not in- 
cluded, iind no mention is mad(* of VlivsicaJ Optics, 
the exc(‘])tion of tlie ne<’essarv relerences to tlH‘ wave- 
theory. 

^rh(' practical side of the gubj»*ct lias rt'<*t‘ivcij v('rv 
careful attention. liii^ht is prolific of simph' experinumts, 
and these an* ess(‘ntial for the Nt'ritic.ition and explanation 
of the matln'inatical theori<‘s. Most of the expennionts 
i^iven in the hook requin* only \4‘ry®simple apparalus, 
and many jn'aetical illustrations an* of conr.M* derived 
fi’oin the cr)!ninon ph<*noin(*na of dady lib* 

larm* number of diaL^rams has hi‘(*n J4i\(‘n. for in tliis 
subject the tii,oires are esj)e<‘laliy important, d'ln* nect'ssify 
for makinjf clear and c<>rrect drawiie^s for tin* solution of 
pri>bl(‘ms should be stronirlN impn*ssed on the slmleiil. 

“idle b<i(dv is supplied with a jj^ood coll(‘ction of problems, 
for practire in calcnlati^^n is anothor verv important 
(dOinent in tlie study of this subjt*ct. Students should 
remendier that it is an absurdity to <^dve a nunu*rical 
result to four of tive sionilic.int fiour(*s, if the (udoina,! 
data are probably correct only to three, and a worse 
absurdity to give tlie numerical result as a n*curring 
decimal. 

Many students cxnerienee much ditKculty in applying 
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the conveption of signs; but it is hoped that* the rules, 
and explanation here given will be found very helpful 
on this .point. 

The chapter on Dispersion is longer than is usual in 
books of this size, but this should be sufficiently justified 
by the importance and inteiest of this branch of the 
subject. Spectrum analysis has already proved of the 
greatest use in chemistry and astronomical phy.sics, and 
most of the future discoveries in Light will probably be 
based upon the ideas contained in this chapter. 


NOTE ON THE FIFTH EDITION. 

The only change in this edition is the insertion of a 
chapter on Polarisationt of Intermediate University 
standard, written by Mr. A. W. Humphreys, B.Sc. 
(Lend.). 
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CHAPTER I. 

INTRODUCTORY. 

Ti Light is the external physical cause of the sensation 
called sight. 

2. The Cause of Light! light is generally believed to 
have its origin in vibration of Ihe luminous body, just as 
sound originates in vibration of the sonorous body, and to 
be transmitted to the eye as sound is to the ear by means 
of undulations in the intervening medium. There are, 
however, these important differences * between the two 
phenomena. First, that whereas the sonorous body vibrates 
as a whole, it is only the molecules of the luminous body 
fliat are in vibration. Secondly, that while the frequency 
of sonorous vibrations is only a few hundreds or thousands 
per second, the frequency of luminous vibrations amounts 
to hundreds of hillious (about 400 to 800 billions) per 
second. 

Bodies which of themselves produce light are said to be 
self-himinous. Many bodies are able to reflect light from 
sdf-luminous objects, and thus become luminous them- 
selves. Thus the sun is self-luminous, but the moon is 
rendered lumttious only by reflecting the sun^s light. 

3. The Transmission of Light. The Luminiferous Ether. 
A further point of difference between light and sound is 
found in the medium by which they are propagated, A 

1 
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properly isolated bell sounding in a good vacuum is. quite 
inaudiblS, but it is no less visible than before removal of 
the air. And we know that light from the stars reaches 
our eyes after traversing millions of millions of miles of 
“empty'' space. As our senses give us no evidence of 
anything in these vacuum spaces, physicists have been 
forced to fill them with an magimry .si^stance which they 
call the luminiferous ether.* It is quite unlike any form 
of matter with which we ai*e acquainted. It is probably 
devoid of weight, and is perfectly elastic, and so far would 
appear to most nearly resemble an ezcesdingly rarehed 
gas; but the undulations it transmits are known to be 
transverse, and such therefore as nd^as, by reason of its 
being devoid of cohesion, is competent to tranSmit. The 
kind of matter to which it appears to bear the closest 
resemblance is an extremely attenuated jelly. 

This ether is supposed not onjy to occupy all space, but 
to interpenetrate all mattq^*, and to lie between the mole- 
cules of even the densest solids, as air lies between the 
leaves and branches of a tree. 

It may now be possible for us to picture to ourselves the 
vibration of the molecules of the luminous body setting up 
undulations in th^ ether which travel with inconceivable 
speed t in all directions. Some of these undulations falling 
on the eyes, there set up changes in the optic nerve, which, 
when transmitted to the brain, produce the sensation of 
light. But whatever may be the nature of light, there are 
some fundamental properties, established by experiment, 
which may be studied quite independently of any hypothesis 
on this point. 

In the pages that follow we propose to study in this 
way a few of the more important of these fundamental 
properties; but, as the undulatory theory is noW so com- 
pletely established, reference will be made to it whenever 
it seems advisable. 


• This most not be confounded with the very tangible liquid 
called ether by chemists. 

per second, a speed that would cany it 
about 7 ^ tunes round the earth in a second. 
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4. Light is invisible. Bemembering what *light is — 
simply undulations in an invisible medium-^this sthtement 
ought to cause little surpiise. When we apparently see 
a beam of sunlight entering through a pmall window into 
an otherwise dark room, what we really see is not the light 
itself but a number of floating particles in the air illuminated 
by the beam. Many of these are so large as to be easily 
visible separately as dancing motes. If a lighted Bunsen 
burner be brought below the beam so as to bum up or 
volatilize these particles, the luminous track will be inter- 
rupted by whai^ appeals to be black smoke rising from the 
flames. But the Bunsen flame is perfectly smokeless, and 
the black spaces ar^ full of dust-free air, consequently 
there is ndthing in those paiis to reflect the light, and it 
remains invisible. 

5. A Medium is the na^ie given to any substance through 
which light passes. A trcmspaiurmt medium is one which 
transmits the light which enters it more or less completely. 
Possibly no meium except the ether allows all the light 
that enters it to pass through; a portion of the light is 
reflected or absorbed by the mediunn and that which 
emerges is consequently less bright. However, a medium 
which transmits the greater portion of the light entering 
it, is called transparent^ c.y., water, glass, mica. Media 
which permit little or none of the light which falls on them 
to pass through are opaque^ e.y., wood, iron, lampblack. 
Media which tiansmit light to some extent but do not 
enable one to see clearly through them are called translucent^ 
e.p., wax, ground glass, china. 

Bodies which in their ordinary state appear perfectly 
opaque, really transmit a ifery considerable amount of light 
\meu obtained in sufliciently thin laminae. 

If a gold-leaf, supported between two pieces of glass, be 
held to the li^ht, it will appear semi-transparent and bright 
green. A stone may be ground down sufliciently thin to 
become transparent. A piece of cardboard, which under 
ordinary conditions appears perfectly opaque, transmits 
mu<^h Hght when held close b^ore an electric are ; and if 
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the hand be similarly held it is possible to see the^ bones 
through^ the seiSai-transparent flesh. On the other hand, 
water, though very transparent, absorbs so much light as 
to make the sea-bottom below a few hundred fathoms 
I)erfectly dark. Therefore the terms trcmsparmt, translucent, 
and opaque refer to a difference in degree more than in 
kind, and for this reason it is perhaps more correct to speak 
of transparent, translucent, and opaque bodies than to 
apply these terms to suhstances, 

A medium is homogeneous when it is uniform throughout 
in composition, structure, and properties. 4. medium which 
is not uniform is called heterogeneoios, 

6. Bay — Beam— Pencil. These terms are of subh frequent 
use in connection with light that it becomes necessary to 
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define them. A ray is strictly only a mathematical con- 
ception, a line which may be taaen as lying in a direction 
at right angles to the wave fronts. 

In other media than air, glass and liquids, the rays are not 
necessarily at right angles to the wave fronts. The direction of 
the ray at a point may be defined as the straight line joining the 
centre of a small spherical obstacle, situated at that point, to the 
centre of the shadow produced by it on a screen, an infinitely small 
distance beyond it in the direction in which the light is travelling. 
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A Uam of light is a collection of adjacent rays, |nd may 
be divergent^ cmvergmtj or paraUel — that is, the component 
rays may diverge from, or converge to, a point, or run 
parallel (Fig. 1, a, 6, c). A convergent er divergent beam 
has the form of a cone of small, but finite angle, while a 
parallel beam is a cylinder of small cross section. The 
axis of a beam, FX (Fig. 1), is the central ray passing 
along the geometrical axis of the figure of the team, and 
the point, F, from or to which the rays of a team diverge 
or converge, is called its focus. The focus of a parallel 
beam is at infihity. Pencils are very narrow beams, and 
like beams may be^ parallel, divergent, or convergent. 
When a pejicil of light comes from a point on a very distant 
source such as the sun, moon, or a star, it is considered to 
be parallel, although, strictly speaking, it is very slightly 
divergent. 



CHAPTER II. 


BECTILINEAB PBOPAGATION OF LIGHT. 


7. light travels in straight lines through the same 
homogeneous medium. Many familiar phenomena point 
to the fact that light travels through ^e same homogeneous 
medium in straight lines. If two sc^ns be each pierced 
with a small hole and then held one in front of the other, 
in such a posftion (Fig. 2) that the two holes and a candle 

flange are in the same 
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straight line, a ray of 
light can pass from the 
candle through the holes 
to an eye placed in the 
same straight line be- 
hind the screens; but, 
if either of the screens 
be but slightly displaced 
in its own plane, the 
candle becomes invisible. 


Similarly, if a scale be laid on the bottom of a vessel. 


and looked at over the edge of the vessel, in the way 
indicated in Fig. 3, it will be found that the line EAS 
is a straight line. In both these experiments the same 
medium (air) extends between tjje eye and the object seen ; 
but if, in the latter example, water be poured into the 
vessel, it will be found that a point, S^, '>n the scale can 
be seen, and that E A 0 S' is not a i^traight line. 
Hence, when light passes from one medium to another, 
it is in general bent out of its direct rectilinear path; 
and, from what has been said, it is evident that the 
landing must ta ke p lace at the surface of separation of 
the two media. When; however, a ray of light travels 
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through a non-bomogeneoiis medium^ it may suffer gradual 
and continuous change of direction, if tlifh change in the 


properties of the medium 
along its path are also 
gradual and continuous; 
it is only on passing 
from one homogeneous 
medium to another that 
sudden change of direc- 
tion takes place. The 
magnitude an^ direction 
of this change depend 
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on conditions which»ave 


shall consider more fully in later chapters. 

It should be noticed in connection with this point that the 
eye takes no cognizance of change of direction in a ray of 

light ; every object is seen 



in the direction taken by 
the axis of the pencil of 
light which enters the eye. 
For example, if rays of 
light, starting from 0 
(Fig. 4), be bent, as indi- 




cated in the figure, then 0 



appears to the eye to be 
at O'. The point O' is the 
virtual focus of the pencil 
entering the eye, called 
virtual because its rays do 
not really diverge from O', 
but only appear to do so. 


4 8. The pinhole camera. 

If a sheet of cardboard, 
pierced, at tits centre, with a large pinhole, be placed 
between a candle and a thin paper screen, shaded from 
external light, a more or less distinct representation of the 
candle flame will be seen, in an inverted position, on the 
screen (Fig. 5). If the cardboard form the front, and 
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the screen the back of a closed box, the representation can 
be seen uery distinctly from behind, through the paper (or 
ffroiind riassV screen. The explanation of this is simple. 
^ Let A B (Fig. 6) represent 

the candle flame or other 
brightly illuminated ob- 
ject, 0 the hole in the 
cardboard, and SS the 
screen. From every point 
on AB rays are given 
off in all directions, and 
consequently from every 
point of AB a small 
pencil of rays 






IP 
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through 0, and forms a small circular or elliptical spot 
on the screen. The result of this is that we have on 
the screen an assemblage of nearly circular spots, which, 
owing to the crossing of the rays at 0, define an inverted 
representation of the objecf A B. If these spots are large 



they overlap one another, and the represontatibn is blurred 
and indistinct; hence, in order to obtain a well-defined 
picture of A B oh the screen, the aperture at 0 must be 
very small ; for the size of the spot on the screen depends, 
for given positions of A B and S 8, upon the size of aperture. 
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9. SMdows. The formation of shadows is a direct con- 
sequence of the rectilinear propagation of light,* If an 
opaque body B (Fig, 7) be placed so as to intercept a portion 
of the light emitted by a luminous point L, the cone of 
light incident on the surface of the body is stopped, and 
the space beyond, enclosed by the geometrical continuation 
of tms cone, is screened from the rays diverging from L. 



The cone here considered ,L 0 is called the shadov> cons, 
and its trace »S S S S, on any surface inifersecting it beyond 
B, outlines the shadow cast on this surface. When, however, 
the source of light is not a luminous point, but a luminous 



8, a. 

body, the case is somewhat more complicated. T^et SS' 
(Fig. 8, a) represent a spherical source of light, and 0 O' an 
opaque sphere placed near it. Consider the single cone 
S S' which encloses S S' and 00'; it is evident from the 
figure that no light from SS' falls within the portion of 
this^cone lying beyond 0 0' ; and for this reason it has been 
oall^ the cone of total shadow^ or the cone of the umbra ; 
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and the portion of it just referred to as being completely 
screened from tfie light is called the umbra. Consider again 
the double cone SS'A pp^ enclosing SS', and 0 0',' and 

having its apex at A. 
This is the cone of 
^ ^ partial BhadoWy or the 

~ cone of the penumbra^ 
f j the portion of it 

^ '' beyond 0 0', and sur- 

rounding the umbra, 
is known as the pen- 
Fig. 8, b. ' umbra. From any 

•j[)oint in the cone, not 
within the total shadow, a portion of the source 6f light can 
be seen, and for this reason the shadow is only partial. The 
depth of shadow at any point depends on the extent of the 
source invisible from that poin1>; to an eye placed at e all 
below g F is invisible, whije all above is visible ; hence, at 
points near the outer boundary of the penumbral cone, the 
shadow is very light, but gradually deepens as we approach 
the outer boundary of the umbral cone. 

The penumbral cone always has the form of a cone 
diverging from a ^oint (A) 

lying between S S' and 0 O', i ipjp 

but the form of the umbral S \ . 

cone depends on the relative ' 

size of the source of light ( ] 

and the opaque body ; when j i 

the latter is the greater the 

cone diverges from a point i '^*15 

behind the former (Fig, 8, a), F!g. 8, 

when equal it takes the form 




F!g. 8,tf, 


of a cylinder (Fig. 8, J), and when smaller the cone converges 
to a point beyond the opaque body (Fig. 8, c). If the 
shadow of the opaque body be cast upon a Suitably placed 
screen (tig. 8, jt will be found to consist of a central 
region ot total shadow, the umbra, surrounded by a zone of 
^rtial shadow, the penumbra. The former is of uniform 
depth all over, but the latter passes gradually from the 
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total shadow of the umbra to a complete absence of shadow 
at its outer boundary, and consequently neither Its outer 
nor its inner edge is sharply defined. The relative size of 
the umbra and penumbra in any particular case depends 
upon the conditions illustrated in Figs. 8, and upon the 
position of the screen. The reader will find it instructive 
to draw diagrams for a number of different cases, 

10* Eclipses. These are of two kinds, lunar and solar. 
If at full moon the centres of the sun, earth, and moon 
are very nearly in a straight line, the earth, acting as 
a screen, will stop the sun’s rays before they reach the 
moon, and the mooR will therefore be either wholly or 
partially darkened. This phenomenon is called a Lunar 
Eclipse, and may be either total or partial. ' On the other 
hand, if the three centres are nearly in a straight line 
when the moon is new, the moon, by coming between the 
earth and sun, will cut off the whole or a portion of 
the sun’s rays from certain parts of the earth’s surface. 
In such parts the earth will be darkened, and the sun will 
appear either wholly or partially hidden. This phenomenon 
is a Solar Eclipse, and may be either total, annular, or 
partial. It is called annular when the moon is too near 
the sun to hide it completely, but leaves the rim of the 
sun’s disc visible, like a ring of light round its own 
dark body. 
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PHOTOMETRY. 

11. Sources of Light. Nearly all light is produced either 
by burning or by incandescence. The eaj?liest domestic 
sources of light consisted either of wicks immersed in oil 
(lamps), or of wicks immersed in i^licWat (candles). Both 
these sources are still in use, and have been greatly^improved 
in recent years. Coal-gas was first artificially prepared 
(by Murdoch) in 1792, and was then only burnt at naked 
burners. Argand greatly improved the light of both oil 
and gas lamps by putting a glass chimney around the 
flame to increase the draught. Bunsen increased the 
temperature of the flame by mixing air with the gas before 
burning. This, however, made the flame non-luminous ; 
but if now a body, especially a refractory oxide, is placed 
in the flame, it is hbated to incandescence and gives out a 
brilliant light. The outcome of this discovery is the 
Welsbach lamp. The mantle, which is a gauze-like struc- 
ture, is made up of 99 per cent, thoria and 1 per cent, 
wria ; the ceria p^sessing great light-emitting properties. 
Acetylene gas, owing to its strongly luminous flame and 
ease of preparation, is also largely used for lighting. 

With the advent of electricity, the electric arc and the 
electric incandescent lamps were introduced. The former 
ws invented by Davy in 1801, aW is admirable for street 
lUiimmation and optical lantern work, its light being very 
white. A newer form of the arc lamp uses carbons, im- 
predated with metallic salts; the arc itself & the source 
0 ig t in this case, but the light is strongly coloured. 
Ihe ordinary incandescent electric lamp is provided with 
carbon hlaments; in more recent forms the filament is 

• See Uewtbooh ^ Uagnetim and EltcMeUy, Art. 163. 
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made of osmium or tantalum. The Nernst lainp consists 
of a ^lament of certain oxides of rare metals heated to 
incandescence by an electric current. It is not a vacuum 
lamp, but has the disadvantage of being rather fragile. 

At present there is severe competition between the 
Welsbach light and the incandescent electric lamp for 
domestic use, and between compressed gas lamps and arc 
lamps for street illumination. A still newer lamp is the 
Cooper-Hewitt mercury vapour lamp. It is an electric 
vacuum lamp, the light — a brilliant green — being given 
out by an arc qf mercury. 

Light as a measurable quantity. Light, like radiant 
heat, is ittidoubtedly a form of energy, and, as such, is 
capable of measurement. The quantity of * light in any 
space at any instant is measured by the corresponding 
amount of energy, availajile for purposes of illumination, 
which is in that space at the instant considered, and the 
physical intensity of the light is measured by the energy 
transmitted through that space in unit time. For light 
of a given colour, the intensity conditions the brightness 
as perceived by the eye (or by a sensitive plate in a photo- 
graphic camera). The physical intenlSity is also strictly 
proportional to the heating effect, produced in a black 
surface exposed to the light. 

There are thus three methods of measuring the intensity 
of light — ^the ocular or photometric ^ the photographic, and 
the calorimetric. In a photographic camera the light does 
work in producing chemical changes in the salts on the 
sensitive film. In the calorimetric method a thermopile,* 
or some similar instrument, is exposed to the radiation, 
and the energy received ift transformed into heat energy, 
which produces an electrical effect measurable by a delicate 
galvanometer. The defect of both the photographic and 
the calorimetric methods is that they measure other forms 
of energy physically similar to luminous energy in every 
respect, except that of being detected by the eye, 

* See Higher Textbook of Magnetism and Electricity, §218, and 
Higher Textbook of Heat, § 97 eeq. 
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In this chapter we shall oonsidffl: the photometric method 
only; the other methods will be more fully dealt with in 
Chapter IX. 

f 

12. Intensity of light emitted in any direction. Let 
q denote the quantity of light energy emitted per second 
by a luminous point or small element of a luminous surface 
within the limits of a cone of a small solid angle,* «. 

Then the limit of the ratio i, when w, and consequently q, 

<a 

are indefinitely diminished, is the intensity 'of the emission 
of light in the dii-ection of the axis ot,the cone. 

13, Intensity of Ulnmination of a surface at a point. 

Let q denote the quantity of light energy incident per 
second on a small element of a curface of area s, then the 

limit of the ratio when i, and therefore q, ai-e indefinitely 
s 

diminished gives the intensity of illumination of the sux*face 

at the point at which s vanishes. If ^ is constant for all 
« B 

points, then the surface is said to be uniformly illuminated \ 
and if Q denote the quantity of light energy incident per 



determines the intensity of this uniform illumination. 

14. Law of inverse squares. The intensify of light 
diminishes as wo recede from the source of light, and 
increases when we come nearer.*- With light, as with sound 
and with radiant heat and other influences which spread 
from a centre, the intensity at any point in free space 
depends on the distance of that point from the source in a 
manner which is expressed in The Law of Inverse Squares. 
The law is that the intensity is inversely proportional to 


Page 29. 
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the square of the distance, provided the mediuln is per- 
fectly transpai'ent. That is to say, if the intensity be a 
certain amount at a distance of 1 ft., then at k distance of 
2 ft. the intensity is lessened in proportion to the square 
of 2 to the square of 1 . The square of 2 being 4, the 
intensity of 2 ft. is one-fourth ; at 3 ft. one-ninth of the 
intensity at 1 ft., and so on. 

To illustrate the effect of distance upon radiant energies, 
the wire pyi*amid represented in Fig. 9 may be used. The 
outside lines represent the boundary rays of a cone of light 
emanating from^L. A, B, C are cross sections of the cone 
at a distance of 1, 2, and 3 ft. respectively, li is clearly 





four times and C nine times as large as A. Thus the same 
cone of light wliich is spread over A, Is at B distributed 
over an area four times as groat. The intensity at B is 
therefore one-fourth of that at A. At C the rays are 
thinned out so as to illuminate nine times the area 
they did at A. The intensity at 0 is ono-ninth of that 
at A. 

•If a square frame made of wire be held midway between 
a small source of light and a screen, the shadow of the 
fram 0 encloses just four times the area which the frame 
itself does. Hence the light which passes through the 
frame is scattered over four times the area at double 
the distance. The intensity at the screen is oneJourth 
of the intensity at the frame. 
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To prfve the general case let P (Pig. 10) repi:eBent a 
^ ' luminous point, and let us 

conceive this point to be sur- 
rounded hy a sphere Si Si Si 
of radius, Ri, having its 
centre at P. Then the inner 
surface of this sphere will 
be uniformly illuminated, and 
if no light be absorbed by 
the medium the intensity of 
illumination, ill, is given by — 

I «» Q ♦ 



where Q denotes the total 
quantity of light energy 
emitted by P per second. 
Similarly, if we consider the s^ere Sg Sg S 2 , the intensity 
of illumination of its inner surface is given by — 


Hence we have — 

h 

I2 47r Kl^ 


47rB,* 


Q -R.* 

47r K/ li,*’ 


That is, the intensity of illumination^ of any uniformly 
illuminMed swrface^ is inversely proportional to the square 
of its distance from the source of light ; or, in more general 
terms, (Ae intmdty of ilhjminationy at any point of a 
surface^ is inversely proportional to the square of iiie 
distcmce of ihal point from the source of lights 
For a direct experimental pr#of of this law see Exp. 1. 

It follows from the above that if Ii denote the intensity 


* The area of the surface of a sphere of radius R ■= 4ir R*. 

, f In this and the following articles the dimensions of the source 
of light are considered to be so small, compart with the other 
distances involved, that it may be treat^ as a luminous point. If 
the source of light have a large surface, the illumination for points 
close up or near to the surface is practically independent of the 
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of illumination of a suiface at unit distance «froni the 
source t)f light, and perpendicular to the Pays, then the 
intensity of illumination Iq on a similarly placed surface 
at a distance, R, is given by — 

l,-L,for. that i*. 4 -I. 

15. The intensity of illumination of a surface varies 
with the angle of incidence of the light. The angle 
of incidence is the angle made by the axis of the in- 
cident pencil light with the normal to the surface. 
Let PAB (Fig. 11) denote a pencil of light emanating 
from P, and incident on the surface A B at an angle 
representecUby PON. If Q denote the quantity of light 
energy emitted per second by P in the pencij PAB, the 

intensity of illumination of A B = 9 

^ area of AB A 

Now imagine the surface A B to be rotated round 0 into 
a position A' B', where it is at right angles to PO. 



Fij?. u. 


The same quantity of light now falls on the smaller area, 
abj and the intensity of illumination of this area 

Q Q_ ^ j 

area of ab Aq 

Jf> can, however, bo shown (Art. 19) that Aq = A cos 
B 0 B' = A cos P 0 N, assuming that tlio area A B is very 
small, and the angle B b 0 thus very nearly a. right angle. 
Therefore we have — 

lo A/ Ao A A 

That is, T •= To cos P 0 N. 


2 
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This Asult may be expressed thus:— If lo denote the 
intensity of illumination of a given surface when the light 
is incident Aormally, then, for incidence at an angle 0, the 
intensity of illumination is given by I = lo cos ; that Ls, 
tA$ intensity of illumination varies directly as the cosine of 
the angle of incidence* 

This partly explains why the strength of the sun's heat 
and light is greater on fields and hillsides which lie directly 
facing the sun, and less upon places which slope away from 
the sun, and so lie obliquely to the rays. 

Now since Io = Ii/R^ and I = Io cos«tf we have 1 = 


cos < 


which gives the intensity of illumination of a 


surface placed at a distance R from the source of light, 
the angle of incidence being d, and the source being of 
such power that the intensity of illumination of a surface 
placed at unit distance from the source, and perpendicular 
to the rays, is Ii. 


16. The illuminating power of any source of light. 

The intensity of any source of light is proportional to 
its illuminating power. This quantity is meamred hy the 
intensity of illumination of unit area of a surface placed at 
unit distance from the given source, the light being incident 
normaXty on this swrface* If Li denote the illumintatiiig 
power of a given source of light (A), then Li = Ij, and the 
intensity of illumination produced by this source on a surface, 
at a distance Rj when the angle of incidence of the light 
is 8i, is given by — 

(Arts. 14, 16.) 

Similarly, if another source of light (B) be so placed as 
to produce the same intensity of illumination (I) for an 
angle of incidence of the light 6^, then— 

T_ Ii,COSg. 

where L| denotes the illuminating power of B, and fe* its 
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distance from the illuminated surface. equating 

these tTO expressions for I, we have — • 

L, cos ^1 Lj cos 

K,» “ R,» ' 

This is the general formula. Usually in the comparison 
of sources of light it is arranged that 0i « 

In this case — 



This shows y^at the illuminating powers of different 
sources of light are directly * p'oportional to the sq^iares of 
the distances they m.usU he placed from a given surface^ in 
order to produce on it the same intensity of illumination. 
It should be noticed that the above is true onjy when the 
angle of incidence, is the same in each case ; hence it is 
evident, that in an experimental comparison of illuminating 
powers care must be taken to satisfy this condition, 

Note. — It is important to distinguish between the quantities 
intenisity of light ^xlluminating power y and intensity of ilhivti nation. 
Intensity of light is a quantity involving energy (Arts. 11, 12) ; 
illuminating power of a source of light is proportional to the 
intensity of the light, and is measured as stated^in Art. 16 ; intensity 
of illumination refers to the surface illuminated and not, like the 
other two quantities, to the source of light (Arts. 13'15). 

17. Photometers. Photometry is the experimental com- 
parison of the illuminating powers of diiOfereiit sources of 
light, and the different forms of apparatus by which this 
comparison is effected are called photometers. The practical 
unit employed in photometry is the light emitted by a 
standard sperm candle, six to the pound, burning 120 
grains per hour; and he^ce the illuminating power of 
an*y source of light is generally exprossc d as being equiva- 
lent to that of a certain number of standard candles. It 
has been found that the eye is unable to estimate the ratio 
of the intensity of illumination due to different sources of 
light, but that it is a better judge of the equality of the 

* This statement must bo carefully dis.tinguished from that made 
at the end of Art. 14. 



LIGHT. 


20 

lUumination pf two adjacent surfaces. For this reason 
nearly*all ipethods of photometry depend on the equalisa- 
tion of the illuminations of two adjacent white screens, and 
the details of the construction of photometers are devised 
to facilitate this adjustment. All photometrical experi- 
ments must be made in a dark room. 

Foucault’s photometer. This photometer (Fig. 12) con- 
sists of a semi-transparent screen, AB, of thin paper, 
ground glass, or thin white porcelain, fixed vertically in 
front of, and at right angles to, a partition, C D, which is 
movable by means of a screw in the direction of its length. 
The two sources of light to be conapared, and Lg, are 
placed on opposite sides of this partition in such positions 



that the angle Li E L 2 is bisected by C D. By this arrange- 
ment one portion of the screen is illuminated by one source 
and the other portion by the other ; and, by adjusting the 
position of 0 D until these separately illuminated portions 
become contiguous, their illuminations may be more 
accurately compared. 

When^ both portions appear equally bright the com- 
parison is complete, and we have, if Li and Lj represent 
the final positions of the sources of light — 

Illuminatin g power of L _ (B L,)* 

Illuminating power of ” (B L^)*’ 

• The dimensions of the screen are small compared with the 
distances K L, and B 1^ 
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Bumford’8 photometer. In this photometer the illumi- 
nating powers of two sources of light ar^ compared by 
adjusting to equality the intensities of the two* shadows of 
a vertical rod cast on a screen by the two given sources. 



The lights (Li, Lg), rod (K), and screen {S S) are arranged, 
as shown in Fig. 13, so that the two shadows {aS"!®, S^)j whose 
edges should be well definedP, appear close together, and of 
equal intensity. In this way, since each shadow is 
illuminated by the source to v/hich the other is due, 
equality of intensity of the shadows cast by I] and Lg 
means equality of illumination due to Lg and Li; and 
hence we have, as in the previous case — 

L. 
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Biuvien’s photometer. Bunsen has devised a very simple 
form of photdkneter. If a sheet of paper having a spot 
of grease bn it be held up to the light, it will be 
seen that the spot of grease is semi-transparent, and looks 
brighter than the rest of the paper when viewed from the 
side remote from the light, but darker when seen from the 
other side. The reason of this is evident ; more light passes 
through the region of the grease spot than through the 
rest of the paper, and hence when seen from the side remote 
from the light it looks brighter than the rest of the screen, 
through which little or no light passes ; when looked at on 
the other side, however, the spot looks comparatively dark, 
because a large proportion of the light incident upon it passes 
through, and is therefore not spent in illuminating its sur- 
face. It wiU now be underst(X)d that if a suitable paper 
screen, having a grease spot at its centre, be placed betweeen 
two lights, A and B, and its position adjusted until the spot 
cannot be seen on either side, except by close inspection, then 
the screen must be equally illuminated on both sides. For, 
if the grease spot is not readily distinguishable from the 
adjacent surface of the screen, the amount of light coming 
from unit area of both must be the same. Let Q denote 
the quantity of light incident from A on unit area of the 
surface of the screen, and q the quantity that passes 
through, per unit area, in the region of the spot. Then Q — q 
denotes the quantity of light spent in illuminating the sur- 
face of unit area on the grease spot ; whereas the whole 
quantity,* Q, is spent in illuminating the surface of unit area 
of the screen in the neighbourhood of this spot. Hence, on 
the side of A, the spot will appear dark unless a quantity 
of light, is transmitted through it from B to make up 
for the quantity that has passed through from A. It thus 
appears that a necessary condition for the disappearance of 
the sjwt is that the quantities of light passing through it in 
opposite directions must be equal. But, if the surface of 

* To simplify matters the screen is considered to be opaque, 
except at the grease spot, and its surface to be such that there is no 
regular reflection. The general case is easily treated, and leads, in 
a similar way, to the same result. 
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the spot is the same on both sides, the quantity of light that 
passes through will be, for each side, the sam^ fraclion of 
the light incident on that side; and consequently, if the 

S 

s 

. Fig. 14. 

quantities of light passing through the unit area of the 
grease spot |ire equal, tlien the quantities of light incident 
on unit area of opposite sides of the screen are also equal* — 
that is, the two sides of the screen are equally Mluminated, 
If Li, L 2 , and S S (Fig. 14) represent the relative positions 
of the lights and the screen %hen finally adjusted, we have — 

h « 

L, 

In practically carrying out the necessary measurements, at 
least four different adjustments should be made ; (1) Adjust 
for disappearance of the spot when seen* from the side of 
screen facing Li. (2) Turn the screen round through 180°, 
and again adjust for disappearance of spot from the same 

L, 


'io 

Fig. 1ft. 

surface now facing Lg. (3) Kopeat (1) and (2) with the 
other surface of the screen. 

♦ That is, if ^ B 9, then, when q and u are the same for both 

• n 

•ides of the screen, Q must also be the same for both sides. 
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The screen is usually mounted in a light frame, so that it 
can be*easily turned round in its stand, or as a whole. 

The stand also often carries two mirrors Mi Mj, arranged 
as in Fig. IB, so that an observer at 0 can view both sides of 
the grease spot at the same time and nearly under the 
same conditions. 

The Lummer-Brodhun photometer is a commercial appli- 
cation of the grease-spot photometer. 

Joly's photOBS^eter. This consists of twd equal blocks of 
paraffin wax, Wi, Wj (Fig. 16 ), about a quarter-inch thick 
separated by a smooth thin sheet of tinfoil T, qpd mounted 
on an open wooden slider B B. The light coming from either 
source enterS the wax and is scattered both before and after 


B B B 



Fig. 16. 


reflection from the surface of the tin. The tin is opaque, 
so that \Vi is illuminated solely by Li and W2 by L2. In 
taking a measurement the compound block is moved up and 
down the line joining the luminous points until a position 
is found in which Wi and W2 appear equally bright to an 
observer looking at them through a hole in B B. The 
position of T is then read and we have — 



Flicker photometers. In these instruments a white 
surface is alternately illuminated by the lights under com- 
parison. When the hghts are so placed that the intensities 
of illumination they produce on this surface are unequal, 
a ** flickering ” eflect is visible to an eye viewing this sur- 
face. The lights are adjusted till this flickering vanishes, 
and the ordinary law is then applied. 
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£zp. 1. To prove the Inverse Square Law. Since until the law is 

proved we have not the means of comparing ditferent sources of 
light, we must in this experiment use sources which are multiples 
of some chosen unit source of light. Set up a Bunsen or Joly 
photometer and compare the illuminating power of a single candle 
with that of four similar candles arranged together as one source 
of light, • It will be found, on adjusting for equality of illumination, 
that the distance of the four-candle source from the screen is twice 
that of the single candle. Repeat for different distances and 
different numbers of candles Show for each observation that— 

from which it follows that for the same sourqe, and a screen at 
different distances, 


The position of the screen is determined more qui( kly and accu- 
rately if it be made to oscillate between two positi )ns, in one of 
which one side is too bright and in the other too dark. While 
making it oscillate the extont^f the oscillation should be gradually 
decreased to zero. In this way th^j position of equality will be 
found with great exactness. 

18. Standards of Light. The standard candle is doffned 
in Art. 17. Its employment was quite sufficient in the 
early stages of photometry, but it is •too inaccurate for 
present-day work, different candles often varying in 
illuminating power by as much as 20 per cent. Other 
!jtandards have therefore been devised. One standard taken 
is a portion of a certain .sized flame in an Argand burner; 
another is a flame of amyl acetate burning in a spei'ial 
lamp, but the most accurate is the Pentane lamp, w'hich 
consists of a flame of pentane vapour mixed with a certain 
definite proportion of air and burnt at a ring burner made 
of steatite. Its power is •equal to that of ten standard 
candles. An electric glow lamp with a certain constant 
potential difference between its terminals and carrying a 
certain constant current bos also been proposed as a standard, 
but the light-giving powers of such lamps diminish with age, 
and hence as standards they are worthless. 

Auother proposed staudard is that of unit area of platinum, 
heated to the temperature of its meltiug point, but many practical 
difficulties forbid its use in commercial life at present. 
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The foUo^Dg table gives the candle-power of some common and 
other sources of Ifght 

Ordinar^F gas jet ... lO-lo 

Welsbaoh burner and mantle . 46 

Common Argand burner . . 11-17 

Electric glow lamp ... 16 (usual house sise) 

Electric arc lamp • . .1,000-2,000 

Lamp on the Bddystone . . 80,000 

„ „ BeUe Isle (Finisterre) 30,000,000 

Celestial sources of Light. The sun, moon, and stars being so far 
away, their illuminating powers are not expressed in candle-power. 
Instead of this the illumination they produce on a surface is 
expressed in foot-candles, the foot-candle being .the illumination 
produced on a screen by a standard caudle placed one foot in front 
of it. Sunlight is approximately equal to 600,000 foot-candles ; the 
light due to the full moon.to one foot-candle. The sun ^is therefore 
about 600,000 times as bright as the full moon. The sun sends us 
17,000,000,000 times more light than Sirius, the brightest of the 
stars, and it has been calculated that the total effect of starlight is 
about one-hundredth of that of the full moon. 

The Efficiency of a lamp is the tjiiergy required to light the 
lamp for a second divided by, the candle-power. The approximate 
efficiencies of the following sources expressed in watts per candle- 
power are : — Ordinary glow lamp, 3 to 4 ; Electric arc lamp, 1 ; 
Nemst lamp, 2 ; Osram lamp, If; Cooper- Hewitt lamp, 

The light given out by an ordinary candle contains only 2 per cent, 
of the total energy cqnsumed. The ratios for electric incandescent 
and arc lights are 7 and 16 per cent, respectively. The light given 
out by the sun carries 35 per cent, of the total output of energy, 
while that given out by the Cuban firefly carries 99 per cent., so 
that, in comparison with Nature, man’s appliances are very feeble. ^ 

In all photometric measurements the lights to be compared 
should be of the same colour.* If this is not the case it will 
be found impossible to adjust accurately for equal illumina- 
tion, owing to the difference in colour of the illuminated 
surfaces. In general, different sources of light emit differ- 
ently coloured rays in different^ proportions (Art. 100), so 
that an accurate comparison of intensity can only be made 
by means of an instrument which forms the light from each 
source into a spectrum (Art. 101), and admits of a comparison 
of corresponding parts of the spectra so formed. 

• In working with flicker photometers it has been found that the 
difference in colours of the two lights scarcely affects the results, 
the results obtained by the direct use of the flicker photometer 
agreeing very closely with those obtained by dealing with each 
part of the spectra in turn. This result has not been fuUy accepted* 
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19. Thb calculations connected with the subject-matter of the pre- 
ceding chapters are simple applications of the elements of geometry 
or algebra to the principles there explained, and need no further 
illustration than is afforded by the worked examples given below. 

Plane Angles. In Chapter IIL we have made use of the term 
casiae, and in succeeding chapters it will be necessary to make 
frequent use of ^e terms and tangerU. Hence for the con- 
venience of the reader we shall now explain these terms. 

Let DAE represent a nlane angle. From any point C, in A E, 
draw C B perpendicular ^ A D, and 
cutting A D fh B. How the length of 
B C, for a given position of C, evidently 
depends on the magnitude of the angle 
DAE, but it gives no indication of this 
magnitude unless the position ^f C be 
defined. For this purpose the ratio^ 

B C 

— may be considered, and it can 
be shown geometrically that wherever 

C be taken on A E this ratio is constant, and is definitely 
related to the magnitude of the angle C. Bimilaily the 
A B 

ratio is constant and bears a fixed relation to the magnitude 

B C A B 

of B A C. The ratio is called the tme of B A C, the ratio ^ 
At/ A U 

B G 

is called the cosine of B A C, and the ratio is called the tangent 

of B A C. In the right-angled triangle BAG, considered with 
reference to the a/ngle BAG, the side B C is called the perpen- 
dicular^ the side A B is called the hase^ and A C is called the 
hypotenuse. Hence, in general torms - 



sine BAG' 


perpendicular 

hypotenuse 


= sin BAG. 


cosine BAG: 


base 


hypotenuse 


cos B A 0. 


tangents AC = - tan B A a 
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The reader ahonld deduce geometrically the values of these ratios 


sin 30® » 
sin 45® 
sin 60® 


1 

cos 80® « 

tan 80° « 

1 

73- 

1 

75* 

cos 45® « 

tan 45° « 

L 

a/3 

2 * 

cos 60® « 

tan 60° » 

-/a. 


Inverse Functions. The angle B A C is the angle whose tine is 
equal to the fraction 5^. This is often written /Ti A C = sin - > 

Similarly A B A C = cos - » example, SCf - 

. .1 . .1 

sui”^^ = cos”*-j- = 

The magnitude of a Plane Angle may also be expressed in 

Circular Measure. 

Let A 0 B be a plane angle and C D an arc struck with radius 0 C. 

arc C B 

ft Then the fraction — -r^ is called the 

Ja radius 0 C 

circular measure of the angle A 0 B, and is 
\ generally denoted by 0, We have therefore 

\ • arc ~ radius x circular measure of angle. 

_ « re, 

0 C A Thus, the circular measure of the angle 

subtended by a semicircle at the centre of 
the circle of an angle of 180®) 


semi-circumference v r 
“ radius “ r 

Similarly the circular measure of 90° = 

The reader will note that when the angle 

A 0 B is very mailt the ratio is 

o o 

C IS FI) 

very nearly equal to cither — , or 

U L U L 

to either the tangent or sine of the angle 0 FC A 

A 0 B. This may be expressed as 6 « tan 

0 F 

0 «« sin 0t also ip the same case cos 0 ■* nnd is very nearly 
equal to unity. 
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Solid Anglo (Art. 12). Let 0 be the centre of a sphei^ of radius 
U. TakO an area, S, on its surface. Draw radfi from 0 to the 
boundary of S. These radii are the generators 
of a cone, and the solid angle <a of this cone 
is defined as the same fraction of 4 t as the 
area 8 is of the surface of the sphere, ♦. 5 ., 

ja S 

45r 47 h»* 

S 

M -ss . 

R2* 

If R « 1, then w = S, so that the solid angle 
of a cone may be defined as the area of that part of a sphere of unit 
radius which is included within the cone. 

If the given surface dooB not lie on a spherical surface around the 
reference point, the second definition must be adopted in all cases 
when the surface has a finite size. If, however, its area is small we 
may use the equivalent formula — 



(1) 


_ S cos a 


where S is the area of the surface, a the angle between a normal of 
the surface and the axis of the cone (supposed narrow), and R is 
the radius of the spherical surface passing through the centre of the 
given surface. (Of. Fig. 11.) 


Examples I. 

1. In a pinliole camera the dist.^nco from iho apf'iture in front, to 
the screen at the b.ack, is 18 indies. Find the rdalivu dimensions 
of the representation on the screen of an object placed fi IVet in 
front of the camera. 

In Fig, 0, treating the pencils from A and B to A' and i'>' re- 
spectively as lines, w^e see that the triangles A 0 B and A! 0 IV are 
equiangular, and therefore similar (Euclid vi. 4). 

A' fV U ' 

AB- lA' IV. 

2. A circular uniform source of light, 2 inches in diameter, is 
placed at a distance of 10 feet from a sphere 2 inches in diameter. 
Calculate, approximately, the diameters of the umbra and penumbra 
cast on a screen 6 feet beyond the sphere. Matric.^ June 1889, 

Here, in Fig. 8 ( J)— 

8' 2 inches ; 0 O' =*» 2 inches ; S 0 =* 10 feet; 0 w « 5 feet. 

Diameter of umbra « w *■ 0 O' * 2‘ inches. 
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Bxternaf diameter of penumbra and from the triaigleg 

Oup and 0 8 we have, by Euclid vi. 4— 

up u 0 -r ^ 

8 S' “ O 8 “ 10 2 

88 ' - . , 

,\up ^ 1 inch. 

^/; = M« + 2 w/?a »2 + 2 = 4 inches. 


3. The intensity of illumination of a screen placed 6 feet from a 
given source of light is denoted by I. Find the intensity when the 
distance of the screen is increased to 9 feet. 

Let r denote the required intensity. Then, by#Art. 14— 


That is. r 






4 

^ 9 - 


4. A small screen is held 6 feet from a source of light, in such a 
position that the light is incident dh it normally. It is then re- 
moved to a distance of 10 feqt and turned round, so that the light 
is incident on its surface at an angle of 60®. Compare the in- 
tensities of illumination of the screen in the two cases. 

Let I and I' denote the intensities of illumination for the first 
and second cases respectively. Then, by Arts. 14, 15, the intensity 
of illumination varies inversely as the squares of the distances, and 
directly as the cosing of the angles of incidence. That is — 

I / 10 N * cos 0® 

Now cos 0® « 1 and cos 60° « 



6. Two sources of light, A and B, when placed respectively 8 and 
10 feet from a screen, produce the same intensity of illumination of 
its surface. Compare the illuminatbg powers of A and B, 

Here, by Art. 16— 

Illuminating power of A / 8 \ * 16 

Illuminating power of B “ \ 10 j * 26* 

6. The intensities of two sources of light, A and B, which are 
placed 10 feet apart, are as 4 : 9. Find at what points on the line 
joining them the intensity of illumination is the same. 

Let ® denote, in feet, the distance of either of the required points 
from A. 
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Then— 

. ® 2 
• • 10-a? “ — 3* 

That is— 

3a» = 20— 2a?, 

6a? *» 20, and a? ~ 4 feet ; 
nr Sa* » —20 + 2a*, 
and a? « —20. 

That is, there is equality of illumination at a point between A 
and B, 4 feet froA A and 6 feet from B ; also fit a point 20 feet 
from A on the side remote from B. [That is, the line A B is divided 
internally and externally ift the ratio 2 : 3.] 

• 

7. A circular uniform source of light, 10 cm. in diameter, is 
placed 1 metre in front of a spherical opaque bbdy 6 cm. in 
diameter. Find the shortest distance from the latter at which a 
screen may be placed so as to^have no umbra in the shadow cast 
upon it ; also find the diameter of the penumbra in this position 
[hg. 8 m 

8. A luminous sphere, B cm. in diameter, is placed 150 cm. from 
a disc of wood 2 cm. in diameter. Find the dimensions of the 
umbra and penumbra cast on a screen 50 cm. behind the disc of 
wood. The line passing through the centre of the luminous sphere 
and the disc is perpendicular to the latter and to the screen. 

0. In Fig. 6, CO — 3 metres, OC' =* 20 cm., and the diameter of 
t^ie ajjerture at 0 is 1 mm. Find the area of the circular spot of 
light at C' due to the pencil of light coming from C. If A B « 2 
metres, find also the length of A' B'. 

10, A dark room 10 ft. square, with white walls, has a small hole 
in one wall. Outside this hole and 66 ft. distant is a stone cross 
15 ft. high, and the image appears on the wall of the room. How 
high will the image be ? 

11., Under the same circumstances the image of a tree 60 ft. high 
ap{)ears 8 in. high, llow far is the tree from the hole ? 

12. Explain the appearance of the bright circular and elliptical 
spots seen on the ground in the shadows of trees when the sun and 
moon are shining, 

13, The intensities of two sources of light are in the ratio 9 : 16. 
Find.the ratio of the distances at which they must be placed from a 
screen, in order to produce on it the same intensity of illumination. 
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IL Thtf lines joining the points A, B, and 0 form an equilateral 
trianglp* I) is the middle point of B C« A screen is plficed at A 
with its surface parallel to B C. Lights placed at B, 0, and D are 
found to equally illuminate the screen at A ; compare their illuminat- 
ing powers. 

15. In Foucault’s photometer (Fig. 12) E Lj : ELj iiaih. Find 
the relative intensities of Lj and Lj. 

16. In Rumford’s photometer (Fig. 13) is found to be 115 cm., 
and.Lji to be 201 cm. Compare the illuminating powers of L, 
and Lj. 

17. The intensities of two sources of light are in the ratio 4:9. If 
these sources are 200 cm. apart, where would a Bunsen’s photometer 
be in accurate adjustment between them ? 

18. The distance between two incandfescent lamps of 16 and 25 
candle-power respectively is 6 feet. Show that there are two 
positions, on rthe line joining the lamps, at which a screen may be 
placed so as to receive equal illumination from each lampj and 
determine these positions. 

19. In a Rumford photometer the shadows of the rod throwm by 
a bat’s-wing gas-flame and h Welsbach incandescent gas-light are 
equally bright when the bat’s-wing is 2 ft. from the screen and the 
Welsbach 4 ft. 3 in. How many times more light does the latter 
give than the former ? 

20. The grease spot of a Bunsen photometer disappears when the 
standard candlc-flame is 10 in. from one side and an electric glow 
lamp 36 in. from the other side. What is the candle-power of the 
lamp? 

21. IE a Ifl-candle-power gas-flame at a distance of 10 ft. 
illuminates a surface to a particular degree of brightness, at what 
distance mnst a 20-can(lle-power electric glow lamp be placed from 
that surface to illuminate it to the same degree ? 

22. Three standard candles are placed 10 in. from one side of the 
screen of a Bunsen photometer. How far must a 5000-candle-powcr 
electric arc be placed from the p,ther side in order to cause tlie 
disappearance or the grease spot? 

23. A rod is fixed vertically 6 inches in front of a veitical wliite 
screen. Three sources of light A B C, of 16, 18, and 48 candle-power, 
are placed at distances of 2, 3, and 4 feet respectively from the 
screen, and are so arranged that the three shadows of the pencil 
thrown by them are close together but do not overlap. Compare 
the relative degrees of illumination of the shadow } 
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REFLECTION AT PLANE SURFACES. 

20. When a ray of light travelling in one medium, A, is 
incident on the surface of another medium, B, it is, in 
general, broken up info three parts: 

1. A porfton which is reflected from the surface of B, 
back into A, according to a ceitain law. Tlfls portion is 
said to suffer reflection at the surface of B in accoi dance 
with the laws of reflectioif. 

2. A second poition passes into B, and travels through 
that medium in a diioction determined by another law. 
This portion is said to be refracted into the medium B in 
accordance with the laws of refraction. 

3. A thii'd portion is scattered or diffused by the surface 
both into B and A, of B in an irregufar mannfr. The 
light thus scattered renders the suface luminous, and it is 
because of this scattering of light by the surfaces of non- 
luminous bodies that they become luminous in the presence 
of a self-luminous body (Arts. 2 and 34). 

When light is incident upon an opaque body no portion 
of the light is refracted or diffused into it, and the ratio of 
the quantities reflected and diffused hack dopemls on the 
nature of the smfaco of tho J)ody and on tho angle at whicli 
the light falls on tho surface. A rough, uneven surface 
scatters the greater portion of tho light falling on it ; but 
a smooth, highly polished surface reflects nearly all the 
incident light ; also the more obliquely light falls upon any 
reflecting surface the greater is the proportion of reflected 
light. Since a surface is rendered visible by scattering the 
light incident upon it, it follows that a perfectly reflecting 
surface would be invisibla 
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21. Mifrors. Any good reflecting surface is a mirror. 
The term is, however, usually confined to polished surfaces 
of a definite geometrical form— plane, spherical, 
cylindrical, etc. The oldest mirrors were of polish^ metal, 
and this form of reflector is now much used for optical 
nurposes. The ordinary plane mirror consists of a sheet of 
plate glass hacked by a thin layer of deposited silver, which 
forms the reflecting surface .♦ More recently, for scientific 
purposes, silver s'pecula have been employ^ as mirrors. 
These are formed of glass surfaces, of the required geo- 
metrical form, coated in front with a thin layer of silver 
which is very Highly polished. 

22. Definitions. The normal to a reflecting surface at 
any point is^a line drawn at right angles to the tangent 
plane to the surface at that point. If the surface is plane, 
then the normal at any points is at right angles to the 
surface ; and if spherical ^it is coincident in direction with 
the radius drawn to that point. The arijgle of incidence of 
a ray falling on the surface of a medium is the angle 
between the direction of the ray and the normal to the 
surface at the point of incidence. The plane of incidence is 
the plane containing the normal and the incident ray. The 
angle of reflection is the angle made by the reflected ray 
with the normal at the point of incidence. The plane 
of reflection is the plane containing the normal and the 
reflected rays. 

At this point we may mention what is called the 
reversibility of light It may be stated thus: If by any 
means light is able to travel from a source at A to a point 
B, then, if the source is placed at B, light will travel back 
to the point A by the same path. 

• Up to 1840 all glass mirrors were backed with an amalgam of 
mercury and tin. Since then this process has been almost entirely 
superseded by the silver proce.ss. The silver is deposited on 
the glass from a solution of silver nitrate, either by the use of 
tartaric acid (hot process) or by sugar and vinegar (cold process). 
When dry the surface is brushed over with a dilute solution of 
mercury cyanide, and then coated with red-lead paint to keep 
it safe. 
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23. Laws of Seflection. When a ray of light is* incident 
on a reflecting surface, it is reflected in accordance with 
two laws, which may be thus stated ; * 

1. The angle of reflection is equal to the angle of in- 
cidence. (ZlPN = ZNPR, Pig. 17.) 

N 
R* 


A B, Ecflecting surface. I P, Incident T*hy. 

P N, Normal. P E, Reflected ray. 

I P N, Angle of incidence.# N P R, Anglo of reflection. 

Fig. 17. 

2. The planes of iiicitlonce and reflection are coincident. 

These may be expressed as one law thus: The angle 
of incidence and reflection are 
in the same plane, and are equal 
to one another. 

This law is established by 
experiment, and may be directly 
verified by means of the ap- 
paratus shown in the figure 
(Fig. 18). A graduated circle, 
fixed in a vertical plane, has a 
small mirror, m, attached hori- 
zontally ot its centre, and catrics 
two tubes, T and P, having their 
axes parallel to the plane of tho 
circle and directed towards the Fig. is. 

central portion of the mirror. 

These tubes travel round the circumference of the circle, 
and the position of their axes relative to the graduations 
is shown by a mark on the slide to which they are attached. 





S6 

The zero *of the graduations is placed at the point where 
the nofmal to' the central portion of the mirror cuts tlie 
divided circle. A source of light is placed so as to send 
a beam of light down one of the tubes on to the mirror; 
the other tube is then moved round until, on looking 
through it, the source of light can be seen reflected in 
the mirror. It will then be found that each of the tubes 
is at the same angular distance from the zero of the scale 
—that is, the angle of reflection is equal to the angle of 
incidence. Moreover, the planes of incidence and reflection 
are coincident, for both are parallel to, and at the same 
distance in front of, the plane of the divided circle. 

The strongest proof of these laws, however, lies in the 
fact that in numerous experiments the above laws are 
assumed, and not once has the assumption led to an 
inaccurate result. 

The laws hold for any smooth surface, \vhether plane or 
curved. If curved a smajl area around the point of inci- 
dence will be coincident with the tangent plane at that 
point, and the normal can be drawn perpendicular to this 
plane. 

24. Images. When a luminous body is viewed directly, 
pencils of light from every point on the body enter the eye, 
and thus the body is seen and its form defined. If, how- 
ever, from any cause these pencils suffer change of direction, 
such that they actually come from, or appear to come from, 
an assemblflge of luminous points other than the luminous 
surface of the body, this assemblage of luminous points is 
called the imaffe of the luminous body. An image may be 
either real or virtual ; in a real image the rays actually do 
pass through the points of the ftnage, but in a virtual image 
they only appear to do so, or perhaps it is better to say that 
a virtual image is such that the rays are straight lines whose 
directions would pass through it, if produced backward 
through the reflecting surface. A real image differs from 
a luminous body in 'ihe fact that the latter emits light in 
all directions, whereas the former transmits light only in 
the direction taken by the rays involved in its formatidn. 
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25* Eeflection of light from the Ituninons poilit at the 
surfece of a plane mirror. Let L (Fig. l9\ denote the 
position of the luminous point and M M that of the mirror. 
Consider the reflection of any ray L A. Draw the normal 
AN at A ; then, according to the law of reflection, the 
reflected ray will lie in the plane LAN, and its direction, 


•M 



Fig. w. 


A B, will be such that the angle BAN equals the angle 
LAN. Similarly, for the ray L A\ the reflected ray takes 
the direction A'B', such that B' A'N' is equal to L A'N'. 
Now, to an eye placed at B B', the pencil reflected from 
the portion A A' of the mirror will appear to come from a 
point L' at the intersection of B A and B' A' (Art. 7). It 
can be shown that this point U lies on the nermal to the 
mirror, passing through L at the same distance behind 
the mirror as L is in front of it. For, through L draw the 
normal L 0 L', and let B A produced cut it at L', Then, 
by Euclid i. 29, Z LAN = z OLA, 
and Z EAN= Z OL'A. 

But, in accordance with the law of reflection: — 

Z LAN= Z BAN; 

/. Z OLA= Z OL'A. 



88 uom. 

,%in the* triangles AOL and AOL' we hare — 

• the* angle AO L « the angle A 0 L', 
and the angle 0 L A ■* the angle 0 L' A, 
and the side OA common 3 
/. OL«OL'(i. 26). 

Similarly, it can be shown that any other reflected ray, 
if produced backwards, passes through IJ ; and therefore, 
to an eye in front of the mirror, a virtual image of L is 
seen at L'. The image is virtual, because the rays by which 
it is seen do not actually come from L', but, owing to the 
change of direction resulting from the neflection at the 
surface of the mirror, they ap^r to do so. 

It has been proved, by assuming *the truth of the law of 
reflection, that the image of a luminous point is*at the same 
distance behind the mirror as the point itself is in front of 
it. Hence, if this can be shown to be true experimentally, 
we get an indirect experimentali proof of the law of reflec- 
tion (cp. Art. 23). 

Exp. 8, Take a clean polished rectangular plate of thin glass,* 



stand it in a vertical position upon a sheet of cartridge paper pinned 
to a drawing-board and mark its trace M R (Fig. 20). Stick a pin. 
A B, into the paper about four inches in front of it ; an image C B' 


* Instead of a plate of thin glass the polished back of a piece of 
ordinary mirror may be used. Dissolve off the backing with 
methylated spirits and gently polish the metallic surface with a 
rouge puff, A very good reflecting surface is thus obtained. 
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of the pin, formed by the nearest polished surface of the'fplass plate 
will be cl^rly seen apparently behind the plate. Place ano^er pin, 
C D, behind the mirror so as to coincide in position with this image 
for all positions of the eye ; aa, until all parallax (or side-shifting 
between image and object when the eye is moved sideways) is 
eliminated.* Remove mirror and pins, join BD and, by direct 
measurement with a pair of compasses or a scale, show that the 
distances of the image and the object from the reflecting surface 
are equal, and that the line joining them is perpendicular to the 
reflecting surface. 

£zp. 8. With the same apparatus it may also be shown that the 
angle of inoidence is equal to the angle of reflection. 

Mount the thin glass mirror as before. Place two pins J and S 
(Fig. 21), almost atiywhere in front of the mirror^ and looking into 
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the mirror, move the eye about until the images are in line. Place 
t^o more pins M and B into the paper so as to be in a line with these 
images, ^move mirror and pins. Join J S and M R and produce 
them ; they will intersect at a point P on MM. Draw the normal 
P N at P, and by direct measurement prove the equality of the 
angles J P N, R P N 

26. Reflection of a convergent pencil incident on a 
plane mirror. The precediisg article deals with the reflec- 
tiqn of a divergent pencil (L A A'), and shows that, after 
reflection, it appears to diverge from a point at the same 
distance behind the mirror as that from which it originally 
diverged was in front of it. Similarly, if a convergent 

* Remember that the further of two objects will appear to 
move, relatively to the nearer, in the same direction as the eye 
of to*e observer. 
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pencU, PliF (Fig. 22), converging to a point L behind the 
mirroiv be incident at A A', it is reflected so as to converge 
to a point li', such that LOL' is normal to the mirror, 



and 0 L «= 0 L'. This can be proved in exactly the same 
way as the last case. An eye placed at E sees a real image 
at L'. 

27. Image of aluminous object formed by a plane mirror. 

Let AB (Fig. 23) represent a luminous object placed in 
front of the mirror M M. As in Art. 25 the image of A 
is formed at A', such that A 0 A' is normal to M M and 
A' 0 equal to A 0. Similarly, the image of B is formed at 
B', such that B 0 B' is normal to M M and B' 0 equal to 
B 0. For all points of the object intermediate between A 
and B images are formed at corresponding points between 
A! and B', and thus a complete image of the object is formed 
at A B\ 

A more elaborate construction is sometimes given for 
determining the position of an image formed by a plane 
miiTor, and, as the method is general and applicable to 
spherical mirrors, we shall briefly notice it. 

It is based on the fact that the intersection of any two 
reflected rays determine the point on the image from Which 
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they diverge, or appear to diverge. For plane mirit>rs, the 
two rays chosen are A 0 (Fig. 23), incident along a normal 
to the mirror, and any other ray incident ii/ any other 
direction, such as AN. The ray AO is reflected back 
along its original path, and A N is reflected along N R, 
making the angle of reflection R N n equal to the angle of 
incidence A N n, and the image of A is formed at A', the 
virtual focus of the reflected rays 0 A and N R. Similarly, 
the image of any other point B is obtained, and the images 
of intermediate points assumed to lie on the line A' B', and 



hence A' B' is said to be the imago of A B. When the form 
of the image is more com})lex than that considered here, 
the images of a number of points, sufficient to determine 
the complex image, must be (fbtained. 

An eye placed at any point E (Fig. 23), in front of the 
mirror, sees the image A'B' by light reflected from the 
portion a 6 of the surface of the mirror, and the actual path 
of the extreme rays is shown by the lines A a E, B 6 £. It 
is evident from this that, in order that any point of an 
image may be seen, the line joining this point to the eye 
mnst'cut the surface of the mirror, and the portion of the 
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surface *at which, by reflection, an image is seen, is that 
portion which is intercepted by the cone having the eye at 
its apex add the image at its base. 

2S. Path of rays by which an im^e is seen. Let L' 
(Kg. 19) represent the image of a luminous point L formed 
by the miiTor M M, and imagme an eye placed at E. Draw 
lines joining D to the extremities e e of the aperture of the 
eye, and cutting the mirror at a and b ; then join L to 
n and 6, and the lines Lae and L6e define the pencil of 
light by which L' is seen (cp. Art. 27). Each point of the 



image of a luminous object is seen in the way just described, 
and the extreme rays bounding the collection of pencils 
reaching the eye are determine in the way indicated at 
Ad E, B 6 E in Fig. 23. 

In connection with this que^ition it is important to notice 
what must be the position of an object relative to a miiror 
in order that an image may be formed by that mirror. Let 
M M (Kg. 24) represent a mirror ; then, if an object L be 
placed anywhere in front of the plane passing through M M, 
an image of that object will formed behind this plane, 
at a point L', such that L 0 D is normal to the plane and 
LO s L'O, This can be proved in the same way ius the 
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proposition of Art. 25; the figure, which corre4)onds to 
Kg. 19, ‘shows the necessary construction, and* also the path 
of the rays by which an eye placed at E is able* to see the 
image L'. 

29. Lateral inversion. When the image of the face is 
seen in an ordinary looking-glass, we know that the image 
of the right eye forms the left eye of the reflected face, 
while the image of the left eye forms its right eye. This 
is a particular instance of a result of reflection known as 
lateral inversion* It does not aflect the appearance of 
objects which are bi-laterally symmetrical ;* but with noii- 
symmetrical objects, sudb as printed or written characters, 
the eflfect is Sufficiently evident and well known. 

30« Beviation. When a ray of light is turned out of 
its original course it is said to sufl&r deviation, aud tlie 



Fig. 25. 

angle, between its initial sJhd final dii’ection determines 
the amount of this deviation. The deviation due to a 
single reflection at a plane surface is easily determined. 
Let A 0 (Fig. 25) be incident on the surface M M at an 
angle a to the normal. Then, since the initial direction of 
the ray is represented by AB, and its final diiection by 
0 the deviation is evidmitly given by the angle B 0 B , 
whicfi « 180 - AO B' = 180 - 2a. 



44 


UGHT. 


81. EMectton from a rotating mirror. Let N A (B5g. 26) 
represent a ‘ray incident normally on the mirror M M. 
If the position of the mirror remain unchanged, then N A 

will be reflected back along 
A N ; but if M M be rotated, 
in the direction shown by the 
arrows, round an axis at A, 
into the position M' M', then 
N A will be reflected along 
AN' according to the law of 
reflection. oNow the angle 
NAw«MAM' .-.NAN' 
= 2NA'n - 2MAM'. But 
NAN' is the angle through 
which the reflected ray has 
been rotated by the rotation 
of the mirror through MAM'. 
Hence, if a mirror be turned through an angle a, the 
reflected ray is rotated through an angle 2a ; that is, the 
reflected ray rotates twice as rapidly as the mirror from 
which it is reflected. 

This fact finds important application in the measurement 
of small angular^deflections. The angle is too small to be 
measured directly by pointer and graduated circle, hence a 






N 


'M 


'-n 


Fig. 26. 



mirror M M (Fig. 27) is affixed to the rotating system or 
suspension wires, and the angle NAN' (Figs. 26, 27) 
moasured instead 


BBFLECTION AT PLANE SURFACES. 


45 


In practice a telescope and scale (Fig, 27) ai^ einployed. 
When the mirror is perpendicular to A N the scale divisions 
at N, which is just below the telescope, are in the field of 
view of T. As M rotates the scale appears to travel across 
the field of view, and when M has reached M' the division 
N' is seen on the cross wire of the telescope. 

Now Z N A N == 2 Z M A M' (above). 

NN' 

MAM'= iZ NAN'= itan-ij^. 


If the angles are small, the tangent is equal to the circular 
measure (see Art. 19), and therefore 


ZMAM' 


NN' 

2aN- 


Since NN' and AN can l)e accurately ireasurod. the angle 
M A M' is thus easily determined. This is soiiu^tinies called 
Poggendorfs, or the Subjective^ method, and is largely used 
on the Continent. The most usual practice in England, 
however, is to use a concave spherical mirror, in which a 
real image of the spot of light itself is focussed on the 
scale (Art, 48, Figs. 51, 52). This is an Objective method. 


32. Reflection at plane surfaces inclined to each other. 
Before considering particular cases of special intorast, it 
will great simplify matters to notice the general principles 
applicable to all cases. Imagine an object A, placed 
between two mirrors, and Mj, inclined to each other at 
any angle. An image of A will be formed by each mirror ; 
and, if the image formed by Mi lie in front of M 2 — that Is, 
if it is anywhere in front of the plane in which this tnirror 
lies (Art, 28 j — then an image of this image will be formed 
by M 2 . Similarly, if the image formed by M 2 lie in front 
of Ml, then an image of this image is formed by Mj. These 
are said to be images of the second order. In precisely the 
same way, if this second pair of images are suitably placed, 
a third pair (of the third order) may be formed, and so on. 
This multiplication of images stops when a pair is formed 
in the' space behind both mirrors — that is, within tne angle 
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vertioalfy opposite to that in which the object is placed. 
We^all now consider a few special cases. 

1) Parallel mirrors. Let Mi and M2 (Fig. 28 ) represent 
two parallel mirrors, and A an object placed between them. 
It is evident that since the mirrors are parallel no image 
can be formed behind both, and hence every pair of images 
gives rise to another pair, and thus an infinite series of 
images may, theoretically, be formed. Through A draw 
Ni Nj normal to both the mirrors, and produce it indefinitely 
on both sides. In obedience to the law of reflection all the 
images must lie on this line, and their ^sitions on it will 
depend on the' position of A between M] and M^, and on 



the distance between these mirrors. Consider first the re- 
flection from Mi; an image of A is formed at Ai' on the 
normal through A, and so placed that Ai'Ni equals AN]. 
Similarly an image of Ai' is formed by M 2 at Ai" in such a 
position that Ai" N2 = Ai' N3 ; A\ in turn gives rise to 
Ai^'^ by reflection at Mi, and so on. In the same way, 
beginning with the first refleiftion at M2, the images A 2', 
A2", etc., are formed by successive reflection at M2 and Mi. 
In Fig. 28 the positions of the images up to the third order 
are shown, and, to distinguish them, the sufiix attached to 
A denotes the mirror at which first reflection took place, 
and the dashes indicate the order of the image. Thus the 
series Ax\ Ai", Ai'" • . . is formed by successive reflections 
from Ml and Mf, beginning with reflection at Mi ; similarly 
the series As', As", As"' ... is formed by successive 
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reflections from M 2 and Mi, beginning witi^ M 2 '. The 
members of each series are so related that any one may be 
considered as the image of the one immediately preceding 
it : for example, Ai'" may be considered as the image of 
Ai" formed by the mirror Mj, and consequently A/' Ni 
equals Ai" Nj. 

To determine the path of rsLys by which any image is 
seen, the following construction should be employed. Let 
it be required to find the path of the rays by which an eye 
at E sees the image Ai. First trace this image back to A ; 
Ai" is an image of Ai', which is itself an image of A. Now 
join the extremities of the aperture of the eye to Ai'' by 
lines cutting M 2 at a and 6, and mark the real parts of this 
path, which, rince the rays cannot penetrate the mirror, 
must lie between the eye and a 5, Next join and i to 
Ai' by lines cutting Mi in c and dj and mark ac, dd as the 
real portions of this path. Then finally join c and d to A, 
and the twice reflected pencil passing from A to E indicates 
the required path. From this it is evident that an image 
of the second order, Ai'', is seen by two reflections, and 
similarly an image of the order would be seen by n 
reflections. The mirror from which the last reflection takes 
place — that is, the mirror in which the image is seen — 
depends upon whether 71 is odd or oven. In either series 
of images the odd* members are seen by reflection from 
the* mirror at which the j^rst reflection takes place, while 
the even members are seen in the other mirror. At each 
reflection there is some loss of light, depending in amount 
on the polish of the reflecting surface ; and, as a consequence, 
the higher the order of any image the fainter it appears, 
ujjktil finally it becomes too faint to be visible, 

" ( 2 ) Mirrors inclined at right ‘angles. Let 0 Mi and 0 M 2 
(Fig,' 29) represent two mirrors at right angles to aach 
other, and A an object placed between them. Then an image 
Aj' is formed by OMi and A 2 ' by OM 2 . But Ai' lies in 
front of 0 M 2 , and therefore an image Ai'' is formed by that 
mirror. Also, is in front of 0 Mi, and therefore gives 
rise to the image A^*, which from the geometry of the ^ure 
* That is, the 1st, 3rd, 5th, eta 
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is evidently coincident with Ai^, An eye placed anywhere 
within thp proper limits (Art. 27) sees three images, Ai' 
Ai'', or A/, and at the three corners of the rectangle 
A\ A^, Both the images Ai'^ and A^ cannot be seen at 
the same time; an eye placed within the angle Mi 0 A sees 
the image A/ ; while one placed in M 2 0 A sees Ai", The 
figure shows the path of the rays by which the image Ai** 



may be seen by an eye placed at E. The method of deternyn- 
ing this path is indicated by the dotted lines, and is similar 
to that explained above for parallel mirrors. The actual 
pj^ of the rays necessarily lies within the angle Mi 0 Mg, 
(3) Mirrors inclined at any angle. Let 0 M, and 0 M 2 
(Fig, 30) represent two mirrors inclined at the angle Mi 0 M 2 
and A an object placed betvjeen them. With 0 as centre, 
describe a circle passing through A and cutting 0 Mi and 
0 M 2 in Ni and Nj respectively. Then all the images of A 
must lie in the circumference of this circle. For consider 
the image Ai ; according to the law of reflection it is so 

S laced that A ni equals Ai' ni, and A A 1 ' is at right angles to 
> Ml, Hence, in the triangles 0 A and 0 A/ ni we have 
A fii equal to Ai' ni, ni 0 common, and the angle 4/ ^ 

equal to the angle A ni 0 ; therefore 0 Ai' equals 0 A 



REFLECTION AT PLANE SURFACES. 


49 


(Eua i. 4), and Ai' Kes on the circumference of the circle 
passing through A. Similarly for any other* image.* Let 
us now consider the formation of the images, and the 
positions they occupy on the circle on which they lie. To 
simplify matters we shall consider only the series A, Ai', 



Af, etc. As described above for parallel miiTors, A 
gives rise to A/, to Ai", and so on, each pair being 
symmetiically placed with respect to the niiiror at which 
the last reflection takes place. Hence, if MiOiM 2 = 6^, 
A O Ki = a, and A 0 Jsj = ft 'vve }ia\e 


A 0 A/ * 2o. 

« AO A," AON,+ N,OA, 

- A0\]4 N, O a, 

- 2A 0 xNa A 0 A/ 

- ‘2^ + 2tt 

2(^J + a). 

AO A," - 20. 

AOA,"'= AON, + N,OA/" 

= AON, + N,OA/ 

• = 2A 0 N, + A 0 A,' 

A*0 A,'"-. 2o + 29. 


4 
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AO A,*- A 0 N, + N, 0 A,"" 

=. AON, + N,OA,'" 

- 2A 0 N, + A 0 A,'" 

sss 2/3 + 2tt + 2^ 

« 2(/3 + a) + 2^. 

A 0 A/'" - 4d. 

Thus it can be shown that in general — 

A 0 Ai*"+» * 2» d + 2a, and 

AOA^2*» « 2n$. 

Exactly similar relations can be deduced from the series 
A, Aj', A/ . . . giving the general results-— 

AO A-^+i A 2«^ + 2/3, and 

kOA^^2ne. 

The number of images that can be formed ki this way is 
limited, th^ last number of each series being that which is 
formed within the angle miOmj. To determine this 
number let Ai*" be the first in^ge to fall on the arc mi m^. 
Then— 


That ii 
That is 




2n ^ > ir - 0 . 


2n>. 


Similarly, if Ai*” + ^ be the image falling on mi we 
get— 

AO A,2«+i> AOwf,, 


That is — 


2n$ + 2a > ir— /3 
2» ^ *1- O + /3> TT — tt 
2/i ^ 0 > T — a 

0{2n + 1) > T — a. 

/, + 1 > '’Lz±, 


Hence, in both cases, the number of images in the series 
Ai', Jki . • . is given by the integer next greater than 

u 


* A 0 A,** being an even member of the series A/, A/', etc., will 
oe formed by the mirror 0 M- and therefore A 0 is considered, 
and not kOm^ (Art. 83, 1). 
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Similarly, the number in the series A,', A/, A,", eta, is 

given by the integer next greater than ~ 

0 


If 6 be an exact sub-multiple of ir, then ^ is an integer ; 

6 

and therefore the number of images in each series will be 
and the total number for both series is given by-~^. It 
happens, however, in this case (Fig. 31) that the position of 



the last imago of each series on tho arc nii is the same,t 
and hence only - ~ — 1 images can be seen. If the object 

2'rr 

bo included in the number, then — representations of the 

u 


same object can be seen arranged round a circle. 

Exp, 4, Place two aiirrors, O 0 (Pig. 32), on a slieet of cart- 
ridge paper at an angle of 00® with each oti.er, and between them 
pies.s a pin A into the paper so that it stands upright. Looking into 


For, in this case is the integer next greater than 


or 


e I 

t See Ex. II., 2. * 
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the mirrow a series of images Aj » A, , A, (A, ), A, , A^ will be 
seen. Locate the positions of these images by other pins as in 
Exp. 3! No;sr remove pins and mirrors and prove that (f) the 
images all lie" on a circle whose centre is 0 and radius O A, (2) the 



Fig. 82. 


angles AO A/, A/' 0 A,"', A,' OA/^-*are equal to one another, and 
(3) the angles A 0 A,', A/' () A,"', A," 0 A/ are also equal to one 
another. 8how also that if an eye be placed at E, the path of a ray 
of light apparently coming from the image is A B C D E. The 
oonstruction is obvious. 

The symmetrical distribution of images obtained by 
repeated reflectiofi between two mirrors when they are 
inclined at an angle which is an exact submultiple of 180° 
is the principle of the ]^eidQS00pe. Two long narrow 
mirrors, inclined to each other at an angle 60°, are placed 
in a slightly longer tube. - One end of the tube is closed by 
a metal disc, pierced at the centre, with a hole through 
which the oteerver looks ; at the other end a plate of clear 
glass fits into the tube close up to the mirrors ; and a short 
distance beyond it, at the end of the tube, is a similar plate 
of ground ^lass. Between these two glass plates little 
pieces of coloured glass, etc., are loosely placed, and, with 
their images, form beautiful and symmetrical patterns 
visible to an eye placed at the other end of the tube. 
On rotating the tube the pieces of glass change position, 
and thus the pattern seen is continually changing. Some- 
times three mirrors are employed, the arrangement being 
such that the cross section of the three. is an equilateral 
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triangle. Each pair of plates acts in the .way described 
above, so that the arrangement gives rise to intricate 
but ^mmetrical patterns, which are capable of giving 
ma^^rial aid to designers. 

33. Deviation produced by successive reflection from two 
plain mirrors inclined to each other at any angle. Let 0 
and 0 M 2 (Eig. 33) represent the two mirrors inclined at an 
angle a represented by Mi 0 M 2 , and let A B 0 D ... re- 
present a ray reflected successively from 0 Mi and 0 M| at 



Fig, 


the points B, 0, D . . . Also, let </>i, • • • denote the 

angles which the incident and reflected rays make with the 
reflecting mrf(tce at the points B, 0, I) . . . respectively 
Then, from the triangle B C 0, we have » 

that is; <^2 — </>i =* similarly <^3 — </)2 = a, and so on. 

Writing these equations in order, wo get — 

' 02 - 01 = a 

0s - 0i ^ a 
04 - 0* = a 

0n +i — 0» "• * ; 

arid therefore, by addition — 

0rt +1 01 “ 

But, if w be even,, then the angles and ^1 are 
measured from the same smface^ and therefore their 
difference must give the required deviation; for the ray 
is initially inclined to the reflecting surface at an angle 
and Anally lo the same surface at an angle ^|. 



84 




Hence, when ^ is even, He deviaiion produced by n rejleclioni 
i$ eqvki to^na, where a ie the omgU between the miirore. 
When n is od^ the deviation is that due to the («— 1)*** 
even reflection and the n^^d reflection, and is evidently 
given by [(n— l)a— 2^J* * !^or example, after the third 
reflection in Fig, 33, the Aviation equals 2a<-2<;|^3. 

When b^mes greater than a right angle, the ray 
begins to travel outwards from the intersection of the 
mirrors, not generally following its original path ; but if 
^ be equal to a right angle, then the ray travels back 
along the path by which it came. At each reflection the 
value of ^ is mcreased by a; and hence, in order that 

^ may equal ^ must be so chosen that atis an exact 


sub-multiple of For example, if a = 10 and 

= 20, then the ray will retflm along its original path 


after 


90-20 

10 


= 7 reflections after the first. 


When a ray is reflected twice, as in Hadley^s sextant 
(Art. 136), the deviation is twice the angle between the 
mirrors. 


84. Inegular or Difliise Befiectioii. — When a parallel beam from 
a ma^c lantern in a dark room falls on a piece of white car(i, 
the light after incidence is not confined to one course, but is scat- 
tered in all directions. From anywhere in front the card is brightly 
visible, and the room is no longer wholly dark.f If a mirror had 
been employed, practically all the light wonld have been reflected 
in some definite direction. At first sight there seems to be a great 
difference between the two phenomena; and it has been sought 
to explain the behaviour of the card by comparing it to a mirror 
with many small f^ets, which reflect the light quite regularly, but 
in different directions, because they themselves are at different 
^opes. This phenomenon does in fact occur when light is refracted 
from water on which are ripples, and accounts for the wide 
luminous path seen on a lake under the sun and moon ; but it is not 
plftce when light is diffused by a card. The fact is 
that diffurion, and not reflection, is the fundamental phenomenon. 


* The minus sign comes in because the deviation la in a 

direction opposite to that denoted by fn- l)a. ‘ 
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DiSosion cannot therefore be explained by reflection ; but Jthe latter 
is a consequence of the former. A full explanation of this would 
be impossible ; but the essential fact is that light consists of a 
series of waves. Waves striking any obstacle are Klvfkyn scattered 
in all directions; but this scattering produces a regular reflected 
wave whenever the obstacles are ranged in an even surface whose 
inequalities are not large compared to the wave-lengtk. Thus the 
sound waves from the tick of a watch are about an inch long ; they 
are regularly reflected by a surface whose inequalities are less than, 
say, half an inch high. Water waves on the sea may be over a 
hundred feet long ; they are reflected easily by a somew^t irregular 
coast line. Sound waves, six feet long, are reflected so as to produce 
a true echo from a hedgerow. Light waves have a length of 40 to 
75 millionths of a centimetre (one to two millionths of a foot), and are 
well reflected from polished metal or glass, or the surface of a liquid 
in which the inequalities aws of this order of magnitude, but badly 
reflected froiji cardboard, in which they are larger. By means 
of the cardboard we can, however, prove another consequence of the 
wave theory, that a ray is reflected fairly regularly if it be very 
oblique indeed, so as to be almost parallel to the surface, even if the 
surface be rough (See Art. 3fi).^ 

Twilight is explicable by diffusioa. Clouds, dust, and other 
floating particles in the atmosphere are illuminated by the sun 
some time after it has set at any particular place. These scatter 
the light in all directions, some of the scattered rays of course 
reaching the earth, illuminating it for some time after sunset. 
Moreover, some of the scattered light is transmitted to other 
particles of the atmosphere farther away from the sun, and these 
reflect the rays a second time ; the result of thi-^se second reflections 
is to still further increase the duration of twilight. Twilight la 
said to end when this scattered light becomes imperceptible. Bv 
observation this has been found to occur when the sun is at a deptn 
of about IB'' below the horizon. 

If the earth liad no atmosphere, surfaces on it exposed to the 
sun’s rays would be dazzlingly bright, whilst all other surfaces would 
be in black shadow, except such parts as might be illuminated 
by reflection and diffusion from surrounding surfaces. This 
state of things indeed exists the moon, where the contrast 
bqt\veen light and shade and the sharpness of shallows are 
extremely great. ' 

It is only by means of the light they scatter tliat all bodies, 
except selfduminous ones, are made visible to us. The scattering 
of the light of the sun by white clouds is tlie cause of the 
difference between ordinary daylight with its soft gradations of 
light and shades, and direct sunlight with its intense lights and 
deep shadows. For the effect of scattering on the colour of the 
light see Art. 125.. 
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86. Plane Mirrors. It is extremely difficult to make 
aocuiftte plane surfaces. The simplest test of flatheas that 
can be apjAied is that of reflection. 

Sxp. 6 . Make a smooth round hole in a piece of tinfoil and place 
it in front of a bright light, L (Fig. 34). Fix a telescope, T, in a 
stand at a distance from the foil and focus the telescope on the 



Fig. 84. 


hole. On the bench midway between the telescope and lamp lay 
the surface, to be tested, and incline the telescope until the hole 
is seen by reflection from the surface. 

If the surface is plane the image^will still be sharp, if irregular 
the image will be ill-deflned and may spread out into a large and 
irregular blur, like the image of the moon on a lake. Test various 
kinds of glass from ordinary window glass to optical plane glass. 

The experiment maybe varied by holding the surface horizontally 
in the hand, just below the level of the eye, and viewing in it tlie 
images formed by reflection of the bars of a well-lighted window 
frame. If the bars appear sharp and straight the surface is plane, 
but if wavy and crumpled the surface is irregular. 

The proportion of the incident light reflected at a surface depends 
rer^ much on the nature of the bodies in contact, on the state of 
polish of the surface and the angle of incidence. 

By photometrical experiments it has been found that polished silver 
reflects about 90 per cent, and a clean mercury surface about 67 per 
cent, of a direct incident beam in air. Transparent substances reflect 
much .less, a polished glass-air surface reflecting only 4 per cent, 
and a water-air surface only 2 per cent, of a direct incident beam. 
When, however, the angle of incidence is 89 J® both water and mercury 
reflect the same proportion of the incident beam, viz., 72 per cent. 

Even with an optically rough surface, such as that of smoked 
glass, paper, or ordin^ coinage, a veiy good image of an object 
can be got by reflection at nearly grazing incidence. The student 
should try this for himself (see also Arts. 34 and 66). 
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86. All problems on reflection at plane surfaces are, more or less, 
geometrical deductions, involving a knowledge of the laws of 
reflection in addition to the usual geometrical propositions. 


The results of Art. 32 are not of very great importance, but the 
simple case where d is an aliquot part of 180® should be remembered. 
• \ 

In this case the number of images formed is ~ * 


In Art. 38 the deviation produced by n reflections from mirrors 
inclined at an angle a, token n is even^ should be specially noticed. 
If D denotes this deviation, then — 


I) « na. 


Note.— In preparation for the work of the next chapter the reader 
should notice the following points : — • 


1. The results of Euclid vi. 3, A, and 4. 


2. The meaning of the terms infinite and infinity, A quantity 
iKJComes infinite when its value becomes greater than any value we 
( an assign to it. If the value of any quantity^ is infinite, this is 
expressed by writing ^ oo , 

The term infinity will be best understood from its use in the 
st&tement that parallel straight lines meet in infinity. If any 
straight line O A be produced to A', in the direction O A, until it is 
of infinite length, the point A' will be at infinity. 


3. Consider the ratio — . If x becomes infinite, the ratio becomes 

X 

— , and the value of this expression is zero. That is — 

00 • 


where a is emy finite quantity. 

4. The sine of any angle is equal to the sine of its supplement. 
That is— 

' sin a = sin (180 — a). 

ThUi is readily seen* from a figure. 

ft? 
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5. In aftj triangle the sides are proportional to the sines of the 
oppos4o angleft 

In the triangle A B 0 we have— 

8inAB0 = ^ (Art. 10, note.) 

A JD 

1 -n A AD 

sin B 0 A — j-ge 

B DC .sin ABO AC 

•’* sin B C A “ A B* 

Similarly— 

sin B 0 A A B , 

— ' . j-i. ■■ anci 
sm C A B ® ^ 

sin C A B _ B C * 
sin A B 0 * 0 A‘ 

That is— 

Sin AB C :fiin B C Atsin OAB;:CA:AB:BO. 

QB.D. 



Examples 1L 

1, A ray of light starts from A, meets a plane reflecting surface at 
M, and is reflected to B. Prove that A M B is the shortest possible 
path from A to B by way of the 
mirror (Fig. 35). • 

If A M B be not the shortest 
path, let any other path A B be 
shorter. Draw ANA' normal to 
the mirror, and produce B M to 
meet A A' in A\ 

Then, since AN - A' N we have, 
by Euclid i. 4, A M «» A' M and 
A M' « A' W. 

But A' M' + M'B > A' B > 

A' M + M B (Buc. i. 20). 

.•a A M' + M' B > A M + Me. 

Q.E.D. 

2. An object is placed between 
two mirrors inclined at an angle 
of 60®; find how many images are 
formed, and show that the images 
formed in the angle vertically opposite that contained by the 
mirrors are coincident. (The conditions of this question are 
represented in Figs. 31 and 32.) 
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Since 6(f is an aliquot part of 86(f , we have, for the niAnber of 
images fortned-- 

Also, A/'' and A/" are the images to be shown coincident. For 
this purpose we must prove A 0 A/" + A 0 A/'' (measured in 
opposite directions) equal to 360®. 

If A 0 Mj s: d and A 0 M, « /S, then, by the method of Art. 82, we 
have — 

A 0 A/" * 2a -I- 2(60) - 120 + 2a 

A 0 kl'* « 2/3 + 20i0) « 120 + 2/3. 

A 0 A/'' + A O A,^" » 210 + 2(a + /3) 

« 240 + 120 « *360. 

3. What mnsjjb be the angle between two plane mirrors in order that 

a ray incident parallel to one of them may, after two reflections, be 
parallel to the other ? I^er* Sc.^ 1872, 

Let a denote the angle between the mirrors, then, after two 
reflections, the deviation product^ = 2a (Art. 88 ). Hut the deviation 
required by question ~ 180 ~ a 
.% 2a = 180 — a j 
3ai=r 180; 

.'. a-: 60. 

4. A small object is placed between two parnllol mirrors as in 
Fig. 28. The distance between the mirrors is 6 ie^ hes, and the object 
is placed 2 inches from one of them. Find the distances between 
iht; corresponding members of the two series of images foriucfl; alr^ 
the distances between the odd members of each series, and between 

even members of each series. 

5. The .sun is 30^ above the hoiizon, and its imago is observed in a 
tranquil pool. What, in this case, is the angle of incidence and 
reflection i 

6. A man, 6 feet high, sees his image in a plane mirror hung 
vertically. The top of the mirrgr being 6 feet from the ground, 
determine its smallest length in order that the man may sec his 
full-length image in it. 

7. Find the deviation produced by reflection at a plane mirror, 
when the angle between the incident and reflected rays is 80°. 

8. The angle between two mirrors is 10°. At wdiat angle should a 
ray of light, travelling towards the intersection of the mirrors, be 
incident on either mirror in order that it may at the fourth reflection 
be reversed and travel back along the same course f 
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' 9. 6!&w, that if a ray of light be incident at any angle, on *one 
of two mirroi^ inclined at right angles to each other, then the ray 
is reflected from the second mirror in a direction parallel to its 
original direction. 

10. A plane mirror which is first one foot from an object is then 
moved back one foot jfo^allel to itself. How far does the image 
move ? Give a diagram in illustration. 


11. A mirror, scale, and telescope are used to measure the deflection 

of a suspended system. The scale is distant one metre from the 
mirror, and during the movement of the mirror the scale reading 
alters from 14 cm. to 44 cm. Find approximately the angle of 
deflection of the system. • 

12. Smoke the outside of a glass tubr. Cover one end with tinfoil 
and prick a pinhole in the centre of the tinfoil. IV)ok through the 
other end at a candle. Explain the formation of the concentric 
circles of light. 

13. Make a measured drawing showing the positions of all the 
images formed by two mirrors iriblined to each other at 46®, of an 
object placed between the /nirrors. 


14. Two mirrors, and are inclined to each other at 60®, and 
an object is placed between them. Make a measured drawing 
showing in black the situation of all 'the images formed where the 
rays from the object strike AT first, and in red the situation of all 
the images where the rays first strike 


16. An object is placed J in. from one plane mirror and 1 in. 
from another plane mirror parallel to the first, so that the object 
IS between them. Make a measured drawing showing the positions 
of all the images up to the fourth order. 


A horizontal narrow strip of plane mirror is hung up against 
the wall of a room on a level with the eye of the observer. Draw 
a diagram showing how much of a side waU of the room will be 
visible by reflection from the mirror. 
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REFLECTION AT SPHERICAL SURFACES, 

37. Preliminary definitions. Mirrors of spherical, para- 
bolic, and cylindrical curvature are used in optical 
instruments. We shall In this chapter confine the dis- 
cussion to spBerical mirrors. 

A spherical mirror, A A' (Fig. 36), is usually a very 
small segment of a spherical surface, and may be either 



concnve (Fig. A) or convex (Fig. B). The centre, 0, of the 
spherical surface of which the mirror is a part, is called 
the centre of curvature of the mirror. The line 0 A, joining 
the centre of curvature and the central point, A, of the 
mirror, is’ the jyrmcipal aada of the mirror, the point A being 
sometinies called the pole or centre of the face. Any other 
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line 0*A' drawn through 0 and cutting the mirror is called 
a aecondary'axis, and is, like the princ^l axis, a'normal to 
the min1)r. A section of the mirror by a plane passing 
through the pole and the centre of curvature is called a 
principal section. 

The aperture of the mirror is the angle enclosed hj two 
straight lines drawn from the centre of curvature to oppo- 
site points in the edge of the mirror. We shall at first 
limit the discussion to mirrors of small aperture — say not 
exceeding 10°, though for the sake of clearness the diagrams 
will show greater apertures. < 

When a parallel pencil of light is incident on a spherical 
mirror, in a direction parallel to the principal axis, the 



Fig. 86 (B). 


reflected pencil converges to or diverges from a point F* on 
the principal axis. This point is called the principal focus 
of the mirror, and the distance, A F, between the principal 
focus and the pole of the mirror is termed the focal length 
of the mirror. If the pencil is incident parallel to a 
secondary axis, the reflected rays are, in a similar way, 
brought to a focus at a pointf F on that axis. In the case 
of spherical mirrors, it is not strictly true to say that the 
reflected pencils meet accurately at a point ; if the pencil 
is small, this is approximately the case, but with large 
pencils the outer rays are reflected to points nearer the 
mirror than the others. This irregularity of reflection 
from a spherical surface is called spharical aberration 
(see Art. 44), 



RXFLBOnON AT SPHBRIOAL SURFACES. 


63 


38. ConstmctidR toi reflected ray. Let PQ be kny ray 
incident ‘at Q on a spherical mirror [concave' Fig, 3? (A), 
or convex Fig, 37 (B)]. At Q draw the normal, QN, to 
the reflecting surface, by joining CQ and producing it if 
necessary. Then, in accordance with the law^f reflection, 
the reflected ray (JP^is obtained by drawing r (if in such a 



direction that the angle of reflection F Q N is equal to the 
angle of incidence P Q N. 

Fi*om this it is evident that a ray incident along a normal 
is reflected back along the path by which it came. Also, 
from Art. 37, a ray incident parallel to the principal axis is 
reflected through the principal focus. These two particular 
c§ses of reflection should be carefully remembered. 


39. Position of principal focus. Let PQ (Fig. 38) be 
a ray incident on the concave 
mirror AQ, in a direction / 

parallel to the principal axis y x ; - ^ 

CA. Then P <3 is reflected ^ 

through the principal focus. ^1 

F, and the angle P Q C is 1 ^ ^ 

equal to the angle F Q 0. \ 

But the angle P Q 0 is equal \ 
to the angle F 0 Q (Euc. i. 

29) ; therefore F Q 0=FC Q, 
and therefore F Q = F C. 

Now, if ACJ i^ small, PQ is approximately equal to 
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FA^ itlid therefore FO equals FA (apprbximatelj). That 
is, the prindpal focus F is midway ^tween the pole A and 
the centrh of curvature 0 ; and, if A F be denoted by f 

and AO by r, we have /=: or the focal Imgth of a 

spherical mirror^ for 
rwys mcident on a 
small portion of its 
svrface near the pcle^ 
is equal to half the 
radvjLS of curvature of 
that mirror. 

An exactly similar 
proof is 'applicable in 
the case of a convex 
mirror. The principal 
focus F (Fig. 39) is in this case en the backward prolongation 
of the reflected ray, and^is, of course, virtnial, 

40 . Conjugate foci.^ Let P (Fig. 40) represent the 
position of a luminous point on the principal axis of the 
concave mirror A Q, Then, Art. 27, the image of P will be 



Fig. 40. 


formed at the intersection, after reflection, of any two rays 
coming from P. Consider the rays P A incident along the 
normal to the mirror, and PQ incident at Q; PA is 
reflected back along A P and PQ is reflected along Q F, 
making the angle of reflection F Q 0 equal to the angle of 

.. . reader should refer to Buclid vi, S and A before readinir 
this article, ^ 
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incidence PQC.‘ Let the reflected rays A^P and QP* 
inteiWt’at F ; then F is the image of P, and Jies on the 
piincipal axis of the mirror. Also, since PQC*= FQC, 
then — 

It - Vi. 8.) 

But, if AQ is small, then PQ = PA, and FQ = FA, 
and therefore — 

A V' _ F 0 
AT “ C P* 

If now AO beSenoted byr, AP by w, and AF by v, then 
P'0=:AC--AP' = r-yV, and (JP = AP-- AC = tt— -r. 
A nd the above proportion becomes — 

V _ y — r 
U U--T 


/. w(y — ^ij) as tt - r). 
tt y f- t? y sa 2uv, 


Dividing by w r then- 


11 2 
V u r 


But, by Art. 39- 


/= 


i»and 



1 

/■’ 


a). 


where u denotes the distance of the luminous point P fi-om 
the pole of the mirror, v denotes the distance of the image 
of P from the pole of the mirror, r denotes the radius of 

curvature of the mirror, and/^=^^ denotes the focal 

length of the mirror. 

This may be expressed in woids by saying that the 
al(jebi*aical mm of the reciprocals of the distances of the 
luminous point and its image from tlic pole equcds the 
reciprocal of the distance of the principal focus from the pole. 
The relation thus obtained is of great importance. It 
will Be noticed that, in the case here considered, all the 

6 
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distance involved are measured in the same direction 
from A. When this is not the case, it is necessary to 
adopt softie convention as to sign. The most general 
convention, and the one adopted throughout this book, 
is ft) consider cdl distanoes mecmired in a direction opposed 
to the incident light as positive, amd distances rneaswred in 
1M same direction as the incident light as negative. With 


this convention the formula 1 + i =:lis applicable to all 

V u j 

cases of reflection at spherical mirrors. 

The points P and P' connected by this relation are said to 
be conjugate foci^ because of the fact that either point may 
be considered as the image of the other. From the con- 
struction it is evident that the image of a luminous point 
at P' would be formed at P, just in the same way as the 
image of P is formed at P'. This may be illustrated 
experimentally by means of a< candle and a concave mirror. 
If the flame of the candle be placed, at any point beyond 0, 
on the principal axis of the mirror, an image of the flame 
will be seen between 0 and the mirror. The position of 
this image can be marked by adjusting the position of a 
needle until it appears to coincide with the image. It will 
then be found *that if the candle flame be placed at the 
point marked by the needle, the image will be seen at 
the point originally occupied by the flame.* If the luminous 
point P is not on the principal axis, then its conjugate 
focus, P', will be on the secondary axis passing through P, 
and, distances being measured along the axis, the relation, 

~ ~ can be established in the way explained above. 

In fact, the two cases are identical, for the geometrical 
relations of a secondary a^is to a spherical mirror are 
esbctly the same as those of the principal axis. 

The same relation for conjugate foci can also be proved 
for a convex reflecting surface. Let P (Fig. 41) represent 
a lumino^ point placed in front of the convex mirror A Q. 
Tlieiii as in the case of the concave muTor, an image of P is 


* This is an instance of the xevenibility g£ light (Art. 22). 
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formed at on the axis passing through P. In this case 
P' is a virtual focus^ from which the reflected rays A P and 
Q Q' appear to diverge. To determine the position of F we 
have— 

Q P' FC 

(TP “ PC* (Euclid vi. A.) 

Also, if A Q be small, this proportion becomes — 

AF FO AC-AF 
AP PO“PA + AC* 

In this equation, A 0, A P, AP' bear positive numerical 
values. How, usilbg the same meanings as above for u, v 



and r, it is evident that A (J must be replaced by -- r, A P 
by w, and A P' by v. Therefore, substitiAing, we get — 

rJ’ ^ - r -■(•-- P ) ^ _ r --v 
n u - r u — r 

Cross-multiplying, this becomes — 

vu — VT ^ nr — n 
. w r + t) r =s 2\( V. 

and dividing through hy urv, we g(3t — 

1 1^2 
9 u r 


That is — 

1 1 

9 ^ V /' 

In an exactly similar way this formula may be established 
for the reflection of a convergent pencil at a spherical 
surface, and the reader will find it an instructive exercise 
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to draw the necessary figureSi and deduce the formtda 
therefrom. 

In proving theorems such as the above in which some 
quantities may be positive and some negative, students are 
recommended to take a case in which all the quantities 
are positive. If this be done, confusion arising from ques< 
tions of signs will not occur. 


41. Belative position of coiyugate foci. In the precede 

ing article it has been shown that the formula -4-^=4 

• V w / 

holds good for all cases of reflection at a spherical surface. 
By a general discussion of this *formula it js possible to 
determine the position of P' for any given position of P. 
For examjlle, if u be infinite — that is, if the incident light 
be parallel — then we have — 

I il? 

•t? 00 T 


Therefore, since — = 0, 
^ 00 ’ 

<. V 


2 T 

, —or V =5 ~ 
r 2 


This means that if a pencil of parallel light be reflected at 
the spherical surface, its focus, after reflection, ^ is on the 
axis parallel to the incident light at a point whose distance 
from the mirror is equal to half the radius of curvature of 
the mirror (Art. 39). 

The general application of this method is, however, some- 
what troublesome j we shall therefore consider the question 
in another way. 

The formula - -f 1 r= ~ may be written thus — 

V u f ^ 

or, adding /* to both sides of the equation, we get — 
uv -•vf -k-p «/*. 



REFLECTION AT SPHERICAL SURFACES. 


69 


Now, if X and a/* denote the distances of P and F •respec- 
tively from F (Fig. 40), we evidently have — 

FP =(«-/). 

and the formula becomes — 

XX* ^f\* ( 2 ). 

From the relation thus obtained we may deduce the 
following rules: — 

(а) Since/® is always positive, being a square, then x and 
a/ must always have the same sign — tliat is, the conjuga'wG 
foci, P and F, arS always on the same side of F. 

(б) If os is greater th^n, equal to, or less than /, then x! 
is less than, equal to, or greater than / ; or — 

If a?> ~ </, then a?' < = >/ 

In addition to the above, the following general rule will 
be found of great use in (tetermining the motion of the 
image corresponding to any give\^ motion of the object 
along an axis of the mirror : — Whm an image is formed hy 
reflection^ any motion of the object, in a given direction along 
an axis of the mirror, causes motion of the image in cm 
opposite direction along the same axis.’^ 

By the application of these rules weP may trace the 
position of P, as P travels from infinity on one side of the 
mirror up to infinity on the other side. Let us consider 
first the case of a concave mirror (Fig, 42). When x is 
infinite, x! is zero [Art. 36 (3)] ; that is, when P Ls at infinity 
P' is at F, As X decreases from -f oo to /, so x' increases 
from 0 to y. That is, as P travels from infinity to C, F 
travels from F to 0. When x equals a/, then, since xa ! =/*, 
we have 05 = a;' = /. That is, when P is at 0, F is also 
at 0, . 

As X decreases from / to 0, then x! increases from f to 
-f 00 . That is, as P travels from C to F, F travels from 
0 to infinity, 

* The same sign convention applies to the measurements of « and 

from ^ as for the measurements of u and v from A. 

t Iq the case of a plane mirror, any normal to its surface may be 
considered as an axisv 
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Asa? decrefuses* from 0 to—/, oi increases from oo to—/. 
That is, P travels from F to A, F travels from infinity t 
behind the mirror up to A, where P and P again coincide 
as at 0. 

Now, if P be a real luminous point, or small object, 
such as a candle flame, it can evidently travel no further 
than A, and hence we have traced all possible positions 
of the image of a real luminous point placed anywhere in 


-00 4r- 



-> CO 


c F 



Fig. 42. 

front of a concave spherical mirror. The three following 
positions should be remembered : — 

(1) When the object (a luminous point) is anywhere beyond 
0, the image lies between F and 0. [x >/. ,\x^ < /]. 

(2) When the object is between C and F, the image is 
beyond 0. [«</ .*.«' >/]. 

(3) When the object is between F and A, the image is 

behind the mirror, and is yirtua.1. [«>—/. — /]. 

Also, (4) Image and object coincide at C and at A. 

[«=+/. 

If a convergent pencil is incident on a concave mirror, 
then its focus, P, is behind the mirror, and the reflected 
pencil has its .focus F in front of the mirror. F may, in 

♦ ^^eates, because -/ is leti than 0. 

t When an image disappears at infinity in front of a mirror ( 4 - oo), 
it, in general, reappears from infinity behind the mirror (— oo). 
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this case, be couiSdered as the image of a point P behind 
the mirror. Hence, as x decreases from ~ 7* to — oo, aj' 
increases from —/to 0. That is, as P (the focus of a 
convergent pencil incident on the mirror) travels from A to 
infinity behind the mirror, P' travels from A to P. 

This case is of little practical importance, jis, in all 
ordinary cases, we have to deal with the reflection of 
divergent pencils. 

Let us now consider the case of a convex mirror (Fig. 42), 
The principal focus, F, is here behind the mirror ; hence, 
when P is a reaUpoint, x must always be greater than /, 
and therefore d is always less than /. Tliat is, as P travels 
from infinity in front of •the mirror, up to the mirror at A, 
F travels fretn F to A. This is the only case of practical 
importance. ^ 

When a convergent pencil is incident on a conv('X mii ror, 
its focus, P, is behind the mirror, and the j)osition of tlie 
conjugate focus, F, corrasponding to any given position 
of P is determined, as explained above, by tire aid of the 
relation xd 

It may be useful to summarise the points of practical 
importance mentioned in this article. 

1. Concave mirror. 

1. Luminous point between 4- oo and (a lieal image 
between F and 0. 

2. Luminous point at (J, Re al iuiugo at V. 

3. Luminous point between 0 and 1^’. Heal image between 
0 and + 00 , 

4. Luminous point between F and A. Virtual image 
between A and — oo . 

6. Luminous point at A. Jfmage at A. 

II. Convex mirror, 

1. Luminous point between A and + . Virtual imago 

between A and F. 

Each of these cases can be easily deduced from the 
relation xd =/*, which expresses in a concise and easily 
remembered form the whole theory of conjugate foci in 
conn&jtion with reflection at spherical surfaces. 
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It wlllcbe shown later (Art. 94. n., 2, cf. Art. 26) that It is possible 
to produce wh^t is practically a virtual Any point on it is a 

point4)ehind the mirror to which a pencil converges, and through 
which every ray of that pencil would pass if the mirror were 
not there. Images and objects are always interchangeable : so we 
get a case I., 6, by inverting case I., 4, in which a virtual object 
between A and — oo has a real image between A and F. 

For a convex lens we have, in addition to II., 1, the following 
cases : 

II., 2. Virtual object between A and F gives real image between 
A and + oo . This is II., 1 inverted. 

3. Virtual object between F and C gives virtual image between 
D and — oo . 

4, Virtual object at C coincides with virtual iiuage. 

6. Virtual object between C and — oo gives virtual image between 
0 and F. This is inverse of 3. 

42. Fomation of images by spherical mirrors. When 
a luminous* object is placed in front of a spherical mirror an 
image is iprmed, which may be real or mrtucd according to 
the circumstances of the case. •If real, the image is formed 
in front of the mirror, and can be received on a screen ; but 
if virtual, it appears to be behind the mirror, and cannot be 
received upon a screen. It may, however, be located by means 
of a pin as in Exp. 2 (see Exp. 10), The paths of the rays by 
which these images are seen are described in the next article. 

The following ^s a general construction for determining 
the image of an object formed by a spherical mirror. Let 



Fig. 48. 


A B (K^, 43, 46, 46) represent an object placed in front 
of the mirror P M. Consider the ray A M coming from A 
and incident on the mirror normally at M. Its direction is 
obtained by joining A 0, and, if necessary, producing the 
l^e to cut the mirror in M, The reflected ray M A travels 
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back along the path of the incident ray (Art. 38 ), knd the 
imago of A lies somewhere on this path. A^in the ray 
AP, drawn parallel to the principal axis, is reflected along 
P F (Art. 38 ), and the image of A lies on this lino also. 
Hence the image of A is found at A', the intersection of the 
lines M A^nd P F. A third ray A P' through F may also 
be drawn.*^ It is reflected along F A' parallel to the prin- 
cipal axis. Similarly, an image of B is formed at B', and 
images of points lying between A and B are form^ at 
corresponding points between A' and B', and therefore A' B' 
is the complete image of A B. 

In connection with the formation of images the following 
four points have to be considered : — 

1. Relative position of image and object. This has been 
fully considered in preceding article; the reasoning there 
employed is applicable whether the luminous point P be an 
isolated point, or a point on^n object of finite size. 

2. Whether the image is reed or virtual. Whenever the 
image appears behind the mirror, it must necessarily be 
virtual ; hence, it is only necessary to know the position of 
an image to decide whether it is real or virtual. 

3. Whether the image is inverted or erect. It is evident, 
from Fig. 43, that when object and image* are on opposite 
sides of 0, the latter is inverted because of the crossing of the 
rays passing through C, Hence, if the relative positions of 
object and image are known, this point is easily decided. 
It may be remarked that the image of a real object is 
always inverted if real, and erect if virtual. 

4. Relative size of image and object. The ratio of the 
linear dimensions of the image to the corresponding linear 
dimensions of the object is called the mag^oation. In 
Fig. 43 the magnification is Squal to the ratio of A'B' to 
AB. When th e image is erget the inagnifi cation is t(S|Ke n 
as j positiye T^d whenJasSSTit Is regarSed as negative . 

The magnification is often written as or m, and we 

shall now proceed to express m in terms u v and /, using 
Fig. 43’ for this purpose, as in that diagram these last 
three quantities are positive. 
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(a) In the triangles A' ^C^and A B 0 we have — 

A' CJC ^ r' 

A B (J X i"' 

That is — 

Image _ Distance of image from C _ a' _ r — v 
Object Distance ol object from C r HU— r 

the negative sign being placed in accordance with the above 

reasons. The negative sign is not needed before ^ , for if 

6 * 

the image is inverted c' is of opposite sign^to c. 

(b) A ray *AN incident at the pole of the mirror is 
reflected to A' since A' is the iniage of A, The angles 
ANX and A' NX' are thus equal, and the right-angled 
triangles ANX, A' N X' are similar. 

Hence — 

A' X' X' 

^ X NX’ 

Similarly — 

B'X ' _ N X'. 

J 5 X ■“ N X ’ 

therefore by addition — 

A fJ NX li 

That is — 

Image _ Distance of image from mirror _ v 
Object Distance of object from mirror n 

the negative sign being inserted, since the image is 
inverted. 


(c) The triangle AFX is similar to the approximate 
tripgleP'FN. 

_ N F ^ 

” A X X F V -/ 

But — 


FN 

AX 


A'X' 
A X 


A' B' 
'a B 


(by the above) ; 


. A'B' ^ / 

’’ A B w -/ * 
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That h — 

_ Focal lonffth (if minor 
Object Distance ot object iioiii locus ' u — 

the negative sign being again introducoch 

(cZ) The tiiaiiglo A' F is similar to tlie aiiproxiinate 
triangle PN F. 

A'X'_FX' 

“ X N F 

But — 

r V - V X 
A'X' I \ 

A X ~ X b’ / 

That is — 

Jiu if.o Distance ot iinaj>(‘ fiom {(k '*'-/’ 

Obj(*( t toc«il lougtb ot miiroi / 

since the imago is invoited. * 

in this way wo got four diflbumt hut not ind(‘j)OTulont 
rc ‘Lit ions b(‘tv\ eon the lin(‘ar dimensions of the' imago and 
object. Those aio - 

m (3) 

Object (* 1/ // — / ^ / 

That these lour expressions aio ecjual can also In) veiy 

Mmply pio\od from tlie gem lal < (piation 

i 

/ 

Foi example, to prove the rcjiiahty of second and third, 
multiply the geneia] ecjuation hy if 


' . ' 
r u 


m 

u V _ 

J 

I 

ij. ~ — 
It 


u 


/ 

1 


V — f 

J 


1 

7f-f 


The proportions expressed by the abo\ o equations apply 
to linear dimensions only ; for leUtivo cire<is we have — 

* Area of image _ ^ (v\ _ \ _ (v-/V 

Area of object "" V / W ’ U-W \ ’ 
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It tHus appears that if we know the’ positions of the’ 
objeot of its image we can completely determine the 
nature of the image. The results of Art. 41 , as there 
summarised, are therefore of great importance, and for this 
reason we give below, with figures, the cases for a luminous 
object of finite size, corresponding to I., 1, 2, 3, 4, and II,, 

1 of that article. 

I. Concave mirror. 

(1) Object between 0 and infinity in front of mirror. 

The image lies between 0 and F, and is real^ inverted^ and 
diminished, (Fig. 43.) * 

(2) Object C B at 0. The in^age, C B', at C, is real^ 
irwerted^ and of same size as object. (Fig. 44.) 



The construction for this image should be noticed 
Any two rays ON, ON' coming from 0 are normal 
to the mirror, and therefore, on reflection, again in- 
tersect at C. That is, the image of 0 is formed at 0. 
B' the image of B is found in the usual way. 

(3) Object between 0 and F. Image between 0 and 
infinity in front of the mirrSr. If A' B' of Fig. .43 be 
suj^poi^ to represent the object, then A B represents 
its image, and the figure illustrates the case we are 
now considering. The image is teol^ iweTted^ and 
magnified, 

(4) Object between F and the pole. The image is behind 
the mirror, between infinity and the pole, and virtwnl^ 
ered, and magnified, (Fig. 45.) 
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In the limit, when the object is at the pole, the iiiiage is 



FiR. 45. 


also at the pole, and cohicides with the object in position 
and size (Art! 41, I., 5). 

II. Convex mirror. 

Object in front of mirror l^tvveon infinity and tiie polo. 
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The image lies V>etween F aiu^the pole, and is virtual, ermU 
and divninisheiL (lig. 4:6.) 

In addition there are the cases in which the object is virtual. 
The student can verify these fatds for the image. 

I. 6. It is erect, diminisheii, real. 

II. 2. Erect, increased, real. 

3. Inverted, increased, virtual. 

4. Ih verted, same size, virtual, 
tf. Inverted, diminished, virtual 
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48* Sztreiie. To draw the rays by .which an eye leei an image of 
an ohj^ formed by reflection at a cpherieal mirror. If j^he object 
is the principal axis, the image will be near the axis, and, 
therefore, hlso the eye must not be far removed from the axis. 
Let M M (Fig. 47) be a concave mirror, A B an object placed in front 


M 



Fig. 47. 


of it, A'B' the real image of AB, and E the position of the eye. 
Now this image is only the locus of intersection of reflected rays, 
and hence is not self luminous, so that it can be seen only by 
those rays which originally corner from the object, and, passing 
through the image, enter the eye. 

Thus, to depict the rays by which E sees A', draw a pencil of rays 
diverging from A' and entering B. Produce the rays backwards to 
meet the mirror at P, and join the points of intersection to A. The 
rays by which A is seen are included in the incident pencil A P 
and the reflepted pencil P M E. The same construction can be 



Fig. 48. 

applied to other points of the image and object, and a similar con- 
struction holds for the visual rays by which the virtual image of 
an dbject placed in front of a concave or convex mirror (Fig. *48) 
is seen. 

,, '44. Spherical aberratioii. In dealing with the laws of 
reflection fronpt concave spherical mirrors, we have, up to 
now, limited the discusmon to nirrors of small aperture, 
and we have learnt that parallel rays falling on -such 
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a mirror are all- brought together at one point — ^the 
principal focus ; and that rays diverging from any luminous 
point are all brought together at one point — ^the conjugate 
focus. In order to explain the necessity of this limita- 
tion we will now consider the case of a concave mirror 
of a very large aperture, that is, forming a very large 
segment of a sphere. (^It will well repay the student to 
do for himself, on a larger scale and drawing many more 
rays, what has been done in Fig. 49.] Draw a large 
segment of a circle.* Through 
its centre draw the diameter 0 A, 
and parallel with this a number 
of equidistant straight , lines to 
represent rayg of light in a parallel 
beam falling on a concave mirror. 

From 0 draw dotted radii to every 
point at which a ray is incident 
on the mirror. These are the 
normals to those points. Then 
from those points, and on the 
inner sides of the normals, set off 
angles exactly equal to those on 
the other sides, and draw straight 
lines at these angles to i-opreseut the reflected rays. It 
will then be seen that the rays neai*est the axial ray cut 
that ray after reflection at a point as near as possible 
halfway between C and A. A pair of rays a little 
further from the axis will bo found to intersect the axis 
a trifle behind this point. The next pair of rays intersect 
the axis after reflection considerably behind F, and the 
next pair still further behind. Any suchjwanderin|^ j^e 
margin al rays from the focusrf)f“Qie Antral rays is caUed 

being ”due to thef^m 
(s^encal) of curve employ^, is called s^ierical akerr<Uwn. 

45. Ganstio. Fig. 49 shows, and the student’s diagram 
with three or four times as many rays does so more clearly, 
that all l^he reflected rays lie within an area bounded at 
the back by the mirror, and in front by a double curve 
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called the ccmiic curve. This curve is very bright, especially 
at its vertek, which coincides with the principal focus. 
Such a durve may be clearly seen on the surface of milk, 
when a tumbler is about three-quarters filled; a candle 
being placed so that the inner rim of the glass reflects its 
light down upon the milk. 

46. Diaphragms or Stops. For all optical purposes spherical 
aberration is an important defect, and the way it is kept within 
allowable limits is by using mirrors of very small aperture, or by 
screening the margin of the mirror by an opaque plate called a 
diaphragm, with a central hole in it. Of course the more the 
mirror stopped down, the sharper becomes ttie definition, but the 
loss of light becomes at last very serious. It must be noted, too, 
that these means do not correct, but siinply lessen, the defect, which 
indeed is inseparable from the spherical form. ' 

47. The optical bench. This apparatus is of such fre- 
quent use in optical measurements that it is advisable, at 
this stage, to consider briefly ife construction and method of 
use. In one of its simplest forms the optical bench consists 
of a thick base board (B B, Fig. 50) of well-seasoned wood, 
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about three metres long, and having a deep, wide groove 
running along the middle of^its upper face. The edges of 
this groove are not vertical, but are obliquely cut in the way 
shown at s, Kg. 60. A scale, showing centimetres and 
millimetres, is cut parallel to the groove in such a way that 
the edge of the gi-ooveis also the measuring edge of the scale. 
A set of uprights, constructed to hold suitably mounted * 

♦ The mounting of any object should be effected in such a way 
that the point, to or from which measurements are to be made, is 
on the ams of the upright. 
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lenses, mirrors, candles, screens, etc., are fitted, into small 
base boards, which are so made that they can be pushed ftito 
the groove in BB at one end, and moved along to any 
position on the bench. This position is indicated, with 
reference to the scale of the bench, by means of a fine 
index line cut on the base of the upright in the plane of its 
vertical axis. 

The optical bench may be conveniently used for photo- 
metric measurements with Bunsen’s photometer (Art. 17), 
which, mounted on an iipiight placed between two other 
uprights carrying* the lights to be compared, is readily 
adjusted in the right position, and the required distances 
are at once read off on the scale. 

The optical bench is chit fly used for the exp(*rimental de- 
termination of the constants of mirrors and lenses. * Fig. 50 
shows a concave mirror mounted on a stand M, a candle in 
another upright C, and a sdleeu of tliin white unglazed 
paper mounted on a frame in a thirds stand S. As shown in 
the figure an image of the candle is focussed on the screen. 
The distances between M and S and M and C can be read oft 
on the scale ; they are respectively v and u, 

A candle flame has, however, large dimensions, and 
therefore measurements to it cannot be made with great 
accuracy. A screen with a small hole in it placed in front 
of a gas flame or incandescent mantle is better, but a still 
better source of light for laboiatory us© can be made as 
follows : — An incandescent electric lamp, or some other bright 
source, is enclosed in a box, A (Fig. 114), a portion of the 
front of which is cut away so as to allow the light to shin© 
along the bench. A vertical whit© cardboard screen, B, 
containing a large hole, over^ which a piece of fine wire 
gauze is feed, is fastened to the front of the box by in<%- 
rubber bands. The strongly illuminated gauze serves as 
the object, and being in a vertical plane, measurements 
of u can be accurately made. 

C (Fig. 114) shows a suitable carrier for small lenses or 
mirrors. It consists of a .sliding base piece supporting two 
adjustable arms grooved on the inside. The edges of the 
lens or mirror are placed within the grooves, and an 

e 
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elastic band is placed around the arms to keep them in 
position^ In the same figure, D represents a small screen ; 
it consists simply of a piece of white millboard mounted 
on a sliding base piece. 

t 

48. Experimental determination of the radius of curva- 
ture, and the focal length of a mirror. 

1. Concave mirrors.— 1. The simplest method of deter- 
mining the focal length is to allow a beam of parallel light 
to be incident on the mirror in a direction parallel to the 
principal axjs, and then to measure tlie distance of the 
focus of the reflected beam from Jhe mirror. 

Exp. 6. For this p\ir{)ose mount the mirror in aflsuitable stand or 
clip, with its axis parallel to a graduated bar of wood, along which 
the stand 'slides. At the zero end of the bar, and at right angles 
to its length, fix a paper or millboard screen with its centre 
approximately on the same le^l as the principal axis of the 
mirror. Point this arrangement toward the sun, or some other 
well-illuminated distant ^object, and adjust the position of the 
mirror by the method of oscillations (Exp. 1) until a clearly defined 
image of the object chosen is formed on the screen. The distance 
between the mirror and screen as indicated by the graduations on 
the bar is the focal length, for if the object is sufficiently distant 
the image is prac|ically at the principal focus of the mirror. 

2. Art. 42 proves that when an object is placed at the 
centre of curvature of a concave mirror, the image is also 
at the centre, but in an inverted position. 

Exp, 7. Fix a short polished needle vertically, and point upwards 
in a wooden stand or clip, and place it in front of the mirror, so 
that the point of the needle is on the principal axis of the mirror. 

Unless the needle be placed too close to the mirror, an inverted 
image may be seen by an eye placed near the principal axis, at 
some distance from the mirror (as in Fig. 47). 6y repeated trials 
adjust the position of the needle until its point coincides with the 
paint of the inverted image for teveral pontiona of the eyes,* 

The point of the needle is now at the centre of the mirror, and 
hence the radius of curvature is obtained by measuring the distance 
between the pole of the mirror and the point of the needle. The 
focal len^h is equal to half this distance. If the distance is small, 
measure it by. means of a pair of compasses and a scale ; but, if 
large, use a wooden rod, pointed at both ends and of ^justable 
length, or fix the mirror and needle in two of the uprighta of the 
Optical bench, and make the measurements as*de6cabed in Art. 47, 
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Xzp. S. Using an optical bench and either of the forms of object 
mentioned in the latter part of 
Art. 47, adjust the mirror until 
an image of gauze is focussed on 
the screen alongside the gauze 
itself (Fig. 61). Since the rays 
thus return very nearly along 
their former paths, C is practi- 
cally the centre of the surface 
ADB. Measure OB as in 
Exp. 7. 



3. The general formula, - -f - : 

V u 


s - , may also be employed. 

J 

Exp. 9. MouRt the mirror in an optical bench in a slightly 

slanting position, and receive 
the image P orv a screen 
placed as in Fig. 52, so as 
not to interfere too much 
with the rays from 0. 
Measure u and % and calcu- 
late /. Repeat for different 
distances. 



rig. 52. 


Instead of calculating values of / from each pair of values of 
w and u, these values may be plotted on squared paper and the 

value of / deduced graphically. For since - ♦■i — 

^ OJTV y, ^ j u n 

which shows that if the 
points o\ (pt v) be joined 
the line will pass through 
the point (/, /) for all 
values of « and v,* 

Therefore measure off 
values of w, . . . 

along the horizontal line 
OU (Fig. 53), and values 
of Vjy Vg . . , along the 
vertical* line OV. Join 
the corresponding points. 

The lines . . . 

should all intersect on the 
line 0 F, bisecting the 

angle YOU. Find the mean point of intersection ; its co-ordinates 
are equal to each other and to the focal length. 



a ' ^ 

U 

Fig, 53. 


8ee Briggs and Bryan’s TAe liight Line and Circle^ $ 32* 
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4. The cnrvftture of ft spherical snrface zuay also be measnred 
meebanlcally bj means of a little instrument called a Sbherometer.* 
TbiT^Dsists of a metal frame carrying four pointed legs, three of 
which are fixed and form the comers of an equilater^ triangle, 
while the fourth, which is central, screws through the frame. In 
use, the feet of all four legs are made to rest first on a flat surface 
and then on the spherical surface, and from a knowledge of the 
distance through which the central leg has been elevated or de- 
pressed (for the accurate measurement of which special means are 
provided), and the distance between the fixed legs, the radius of 
curvature of the surface can be calculated. 

II. Convex mirrors.— 1. The radius may be determined 
by means of a parallax method similar to that of Exp. 7. 

Exp. 10. Mount the mirror on the optical bench as usual, and place 
before it a well-defined object, such as a white thermometer tube. 
An image can be seen ; of course it is virtual. Place a pin on the 
stand beUnd the mirror, so that it is just visible over the top, and 
adjust its distance from the mirror till it stands as nearly as possible 
over the image of the thermometer tube for all positions of the eye. 
Then the distance of tube from Airror = w, and the distance of pin 
from miiTor = v, and / cgn be found from the general formula. 

A similar method can be used for a concave mirror, the tube being 
placed so near it as to have a virtual image. But unless the mirror has a 
very large radios of curvature this method is not to be recommended 

2. All other optical methods require the use of lenses, hence a 
descimtion of the methods employed is postponed to Art. 95. 

3. The radius ftiay be determined by means of the spherometer. 


* See Bower and Satterly’s Practical Physics, §§ 27, 28, 30, for 
farther details of this instrument and methods of use. 
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43. The formulae of importance in the preceding chapter are — 


Distances measured 


Distances measured 


Distances measured 


Distances measured 


Distances measured 


; measured 


1 jL 

V r ‘ 

from the pole of the mirror. 

e. 

from the focus. 

Image & 

W’ oj^ject ” e 

from the centre of curvature. 

^ Object u 

from the j)ole of the ftiirror. 

3 M 

Object w-/ 
from the i)ole of the mirror. 

“ Object / 

from the pole of the mirror. 


(Art. 40.) 
(Art. 41.) 

(Art. 42 ) 


Distances measured in a direction opposed to that of the incident 
light are considered positive, and those measured in the same direc- 
tion as the incident light are considered negative. 

'J'his convention applies to all cases, wherever the distance con- 
sidered may be measured from. In applying the above formulae the 
following points must be noticed : — 

1. On substituting a numerical value for any of the symbols, the 
sign, of the former must always be attached. ^ 

For ex.'imple, if in formula (1), % = 6 and o *= «- 8, then, on 
substitution we get — 

1 111 

6 ” r' 

1 1 . 

24 “7 ’ 

/ ss 24 and r -» 48. 

85 



86 


LTGIIT. 


2. Ixu applying a formula to determine ona of tlie involTed dis- 
tanoei, the o^thers being known, no sign must be giyen to the 
unknown distonoe.. Thus, in the above example, no sign is at first 
given to/; but the result, when worked o^t, shows it to be positive 
-that is, the mirror is concave. 

3. When distances are measured from the pole of the mirror 
[formul® 1, 3 (ft), 3 (o), and 3 (d)l the radius of curvature and 
focal length are positive for a concave mirror, and negative for a 
convex mirror. This is in accordance with the sign convention 
given above, and needs special notice only as a reminder. 

4. Always draw a fairly accurate figure representing given con- 
ditions. This prevents mistakes as to sign. 

Formulae 1 and 3 (ft) are the most important.* 

Formulae 3 (a) and 3 (ft) should be learnt in tvords (Art. 42); 
3 (o) and 3 (d) are not important, but are sometimes very con- 
venient. The different forms of formula 3 may be ^remembered by 
noticing that “ image ” and “ » ” are associated, as are also “ object ” 
and “ w.” • 


6. Sign need not be considered in connection with formula 3 if 
the ratios be learnt in words. Bift if learnt as formula involving 
M, u,/, c, and o\ then the ^igns must be considered, just as in any 
other case, and the interpretations of the results given in Arts. 42-4 
must be remembered. 

When the magnification is one of the data of a prohUnn^ great 
attentmi must he paid to this point. See Ex. Ill, 4. 
imacre 

If on substitution found to be positive the image is 

erect, and, if negative, inverted. 

A convex mirror gives only virtual images, and these are always 
erect A concave mirror gives inverted real images and erect virtual 
imagM. 


Examples HI. 

1. An object is placed 16 cm. in front of a concave mirror of 
30 cm. focal length. Find the position of the image and the ratio 
of its size to that of the object. 

Here we have given — 

tt»16;/-30. 

Hence, substituting in the general formula we have— 

I ± ± . I J. 

u ^ 16 “ 30* * ’ V "* "" 30* 

30. 

That is, the image is 30 cm. behind the miiror, and is thel^fore 
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virtual. Also, image find object are on the same side of C ; therefore 
image is 
Also— 

Image _ v _ —SO 

Object ~ u ~ "Ts ^ 

That is, image is mritual^ and twice the size of the object. 

This problem may also be solved by the application of 2 and 3 (c), 
thus : — 

From data— 

a* = - (30- 15) = - 15 
/ = 30. 

Therefore, substituting in ./• a' —f'\ we have — 

- 15 ./•' * (30)2 

or — 

- (;o. 

That is, the irXage is GO cm. from the focus, in the same direction 
as the mirror, or 30 cm. heMnd the mirror. 

Also — 

Image ^ + o 

Object u—f 15^—30 
That is, tlie imago is v/rtual, and twice the size of the object. 

2. A pencil of rays, converging to a point 20 cm. behind a mirror, 
is brought to focus, by reflection from its surface, at a point 10 era. 
in front of the mirror. Determine whether the mirror is convex or 
concave, and find its radius of curvature. 

Here u == - 20, = H), 

.1 1 1 
‘ ■ 10 “ 20 "■ r ' r 20 ’ 
or r =: 40 aiul/ ~ 20. 

That is, the mirror is concave, and its radius of curvature is 40 cm. 

3. An object, 3 cm. in length, is placed 20 cm. in front of a 
convex mirror of 12 cm. focal length. Find the nature and 
position of the image. 

Here w = 2», / = - 12. 

.1 1 __ I, 

■ ■ ® + ao ~ n 

.1 \ * _ 1 

" V 20 " 12 " “ 15‘ 

7-6. 

That iSf the image is 7-B cm. behind the mirror, and is therefore 
viftuat 
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Also— 

Image ^ ^ 

Object “ M 20 8* 

That is' image is virtual ; and — 

o 

Length of image = 1 of 3 cm. = 1-125 cm. 
8 


Applying formulae 2 and 3 (p) to this problem we get- 
a? = 20 + 12 = 32, and /= 12. 

32 a*' = (12y. 


ar' = 


1 2 X 12 ^ 

32 


That is, the image is 4*5 cm. from the principal focus in the 
positive direction, or 7*5 cm. hehmd the mirror. 

Also— 

Image f —12 4- 12 

Object ** *”* //— / 20— (-*12) ” 32 ‘ 


. I mage 3 
Objea^ 8’ 

the same result arrived at above. 

• 

4. A gas flame is placed at a distance of 8 feet from the wall of 
a room. Find the radius of curvature of a concave spherical mirror, 
and where it must be placed in order that it may produce, on the 
wall, an image of the gas flame magnified threefold. 

Here, if x denote the distance of the mirror from the gas flame, we 
have — 

w = a* ; f = a; -f- 8 

And— 


Image _ v 
Object u 


And— 


Image 

Object 


= — = — 3 Image is inverted). 

X 

3 a? = a? + 8. 
a? = 4, 


/ 


-3 = 


/ 

4-/’ 


or 


12 - 3/=*/. 

« 3 and r = 6, 

Or, after determining a? = 4, we may employ 1 instead of 3 (<?), 
thus— 


1^1 

12 i "3* 

.% 9 * *= 6 , 
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Hence, the mirror must be placed 4 feet from the gas flame'—that 
is, 12 feet from the wall — and its radius of curvature shpuld be 6 feet. 

6. A square piece of cardboard of 1 inch side is placeci at right 
angles to the principal axis of a concave mirror of 18 inches focal 
length. At what distance from the mirror must it be placed in order 
that an image, 9 square inches in area, may be formed ? 

Area of imag e _/ / V- 
Area of objecT \ /7— 



24 or 13. 

That is, the oV^ect may be placed 24 inches in front of the mirror, 
or 12 inches in front of the mirror. In tlie former case the image is 
real and inserted ; in the latter it ib virtual and erect. 

This pioblem may also be solved by means of fornuilse 1 and 

3 (/>). 

(1. An object is placed 1(> inches from the centre* of curvature, and 
12 Inches from tlie focus of a convex mirror. Find the nature and 
l)osition of the image. 

lleie, the distan(‘es between the focus and centre of curvature 
— (^K) - 12) 4 inches. 

’* r — 8 and /— 1, 

and a - 10 — 8 - 8. 

.11 1 

’ e ^ 8 — i 

} = _ ■* 01 « = - 2|. 

That is, the image is 2| inches behind the mirror, and is virtual, 
erect, and diminished (Art. 42, 11.). 

[ Virtual and diminished sliowii by ratio — 



erect and diminished shown b\ ratio — 



7. Draw a curve snowing the relation between the distance of an 
object, and that of its image as measured from a concave mirror as 
the distance of the object is progressively varied. Art. 41 gives us 
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the relative distances, and it is best to begin by putting these in 
tabular form.. 



Plotting these on squa.r(!d paper we obtain the following curves. 
The curve A B is a rectangular hyperbola. This is also easily seen 



to be the case from a consideration of the equation a? o/aa /J, where 
os' are the co-ordinates measured from the axes FX, F X'. ’ 
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The curve C D is the rectangular hyperbola f\ where both 
w and of are negative. Note that a curve which is asymptotic to a 
line goes to infinity on one side of the line, and reappears set an 
infinite distance in the opposite direction on the other side of the 
liE^e. 

8. A concave spherical mirror is so placed that a candle flame is 
situated on its principal axis at a distance of 18 inches from its 
surface. An inverted image, three times as long as the candle 
flame itself, is seen sharply defined on the wall. What is the focal 
length of the mirror ? 

, -'9. Prove that if an object is placed at a distance of ^ in front 
of a concave mirror (of focal length /), then the image is one-half 
the size of the objecti 

v/lO. A small object on the axis of a concave mirror, at a distance 
of 16 inches from it, produciBs a rsdl image which is three times 
its own size. Find the focal length of the mirror. 

^^11. A small object 01 inch long is placed at a distance of 3 feet 
from a convex mirror of 12 inches focal length. What is the length 
of the image and its distance from the mirror ? 

12. A gas flame is placed at a distance of 10 feet from the wall 
of the room. What must be the radius ©f curvature of a concate 
spherical mirror, and where must it be placed in order that it may 
produce on the wall an image of the gas flame magnified (linearly) 
fourfold ? 

^ 13. A penny is held 8 inches in front of a convex mirror of 1 foot 
radius. Where will its image be, and what wijl be its diameter 
compared with that of the penny ? 

14. How far from a concave mirror of radius 3 feet would you 
place an object to give an image magnified three times ? Would 
the image be real or virtual ? 

15. An object 6 cm. long is placed 1 metre in front of a concave 
mirror of 10 cm. focal length. Find the nature and size of the 
image. 

'/l6. Prove that when an object is placed midway between a 
concave mirror and its principal focus the image is twice as large 
as the object. 

Vl7; An object is held in front of a convex mirror, at a distaace 
equal to the focal length of the mirror. Determine the size^ nature, 
and position of the image. 

18. A gas jet is placed on the principal axis of a spherical mirror 
10 cm. in front of it. A real and inverted image is produced on 
a screen held in front of the mirror. If the length of the image is 
three timds that of the flame, find the focal length of the mirror 
and the position of the screen. 
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19. An image produced by a convex mirror of focal length / is 
1/Hh the siae.of the object. Show that the distance of » the object 
fronf the ^lirror is (r — 1)/. 

20. A plane mirror is placed 6 feet in front of a concave mirror of 
^ feet focal length. Find where an object must be placed between 
the two mirrors in order that images and object may coincide. 

21. Trace the changes in the position of the image formed by a 
convex spherical mirror as the object is moved from a great 
distance up to the surface of the mirror. 

22. An object 1 inch high is placed on the axis of a concave 
mirror of 1 foot focal length at a distance of two feet from the 
mirror. Draw a diagram showing the position and size of the 
image, explaining all necessary lines in the construction. 

23. Describe * what you see when you look at yourself in a 
concave mirror, and slowly move backwards from the mirror. 

24. Explain, giving a drawing, how it is that yoif see yourself as 
you do in a polished metal ball. 

25. A luminous |^int is situated 30 feet in front of a concave 

mirror of 1 foot radius, and on the principal axis. 8how by a scale 
drawing what will become of the rays after reflection from the 
mirror. r 

26. Show, by two other scale drawings^ what will become of the 
rays after reflection, when the luminous point is brought up, flrst to 
7 Inches, then to 4 inches from the mirror. 

27- A luminous point is 108 feet in front of a concave mirror of 
10 inches focal lei^gth. Where is its image formed? And is it 
real or virtual, erect or inverted, enlarged, reduced, or same size as 
the object? 

, 28. A luminous point is 80 feet in front of a concave mirror of 
24 inches radius. Calculate the position of its conjugate focus. 

29. A luminous point is 12 inches in front of a concave mirror of 
7 inches focal length. Calculate the position of the conjugate point 

30. If with the same mirror the luminous point be brought up to 
4 inches from the mirror, calculate the position of its conjugate 
focus. 

31. A luminous point is succelsively 80 feet, 26 inches^ and 3 
inches in front of a convex mirror of 8 inches focal length. Calcu- 
late the corresponding position of the conjugate point 

32. A luminous point is 9 inches in front of a mirror of 6 inches 
focal length. Show, by a scale drawmg^ the course of the rays 
after reflection, and the position of the focus, 

\/93* An object 6 inches high is 10 feet in front of a concave 
minor of 18 inches focal length. Calculate the position and §ize of 
the image, and state whether it is real or vMual, erect or inverted. 



EXAMINATION QUESTIONS. 

Questions Set at various University Examinations. 

1. Rays of light from a blight gas flame pass through a small 
pinhole in a black screen, and are received on a sheet of ground 
glass. Desciibe by the help of a picture the image seen on the 
glass. What would be the effect of making the pinhole square 
instead of round ? 

2. What do you understand by the intensity of illumination at a 
point, and how wouVl you show that the intensity of illumination 
at a point, due to a given source, is inversely proportional to the 
sqjuare of the distance of the^ jioint from the source ? 

» 3. State the Qptical law on which photometiio measurements are 
based. A gas flame and a candle are eight feet apart, the former 
giving out nine times as much light as the latter. yhow*that there 
are two positions in which a scieen may be placed so as to be 
equally illuminated by the two squrces, and fiud these positions. 

4. How would you determine experimentally the quantity of 
light reflected at dilferent angles by a pi(?ce of plane glass ? 

5. How do you account for the fact that a large mass of red-hot 
iron appears equally bright when viewed from points at different 
distances 1 

-,6. A ten-candle lamp is placed one metre from a surface. At 
what distances must gas flames of 14 and 10' candle-power re- 
spectively be placed so as to produce an equal illumination of the 
surface ? Mention any one method that is commonly used to enable 
equality to be judged. 

7, State the laws of the Reflection of Light by plane-polished 
surfaces, and explain fully an accurate method of proving them by 
experiment. 

8. Two plane mirrors are inclined at an angle of 60® : trace the 
path of a pencil of rays proceeding from a luminous point between 
the mirrors to the eye, after undergoing one reflection at the surface 
of each mirror. 

^ / 9.* A plane mirror revolves about an axis. Explain a method of 
ascertaining experimentally whether or not the axis is perpendicular 
to the surface of the mirror. 

10. A ray of light is reflected successively by two phme mirrors, 
the plane of incidence being perpendicular to the line of intersection 
of the mixrors : prove that when the mirrors are at right angles to 
each other the final direction of the ray is parallel to its original 
direction. 


m 
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11. Assuming the laws of the ordinary Beilection of Light, find 
the position of the image of an object placed in fronf of a plane 
mirfor. rWhat are the limits of position of the object (the mirror 
being supposed fixed) so that an image of it may be formed by the 
mirror? 

12. A plane mirror revolves about a vertical central axis. A fixed 
horizontal ray of light falls upon its centre and is there reflected. 
Prove generally that if the mirror move through any angle the 
reflected ray will appear to have moved through double that angle. 

13. Give a careful sketch of the arrangement of a lamp, slit, lens, 
and scale, by means of which the image of the slit formed by the 
lens and reflected by a plane mirror may be thrown on to the scale. 
Trace in your sketch the course of pencil of the rays. 

14. On a mdonlight night when the surface of the sea is covered 
with small ripples, instead of an imuge of the moon being seen in 
the sea, a long band of light is observed on the sui'iace of the sea 
extending towards the point which is vertically beneath the moon. 
Account for this phenomenon in accordance with the laws of reflec- 
tion, illustrating your explanation by a figure. 

16. Two mirrors are inclined ^o each other at right angles. 
Show that three images qf an object placed in the angle between 
the mirrors are formed, and draw the pencil of rays by which the 
second image can be seen by an eye looking at one mirror. 

16. A bright object is placed between two plane mirrors inclined 

at 46®. Draw a picture showing the path of a ray of light pro- 
ceeding from the object and reaching the observer’s eye after four 
reflections, ^ 

17. State the laws of Reflection of Light, Two mirrors are placed 
parallel to one another, and a luminous point is placed midway 
between them. Show how to draw accurately the path of a ray of 
light, which, after undergoing 3 reflections at one mirror and 4 at 
the other, enters an eye also placed midway between the mirrors, 
but at some distance from the source of light. 

' 18, How could you arrange two mirrors so as to be able to see the 
side of your head when looking straight forward 7 Give a draw- 
ing showing the complete course of a ray. 

19. Completely enunciate in two statements the law of Reflection 
of Ibigbt, and show how to find the position of the principal focus 
of a concave spherical mirror, 

20. Sketch a concave spherical mirror facing a distant luminous 
object, and showing the position and nature of the image of this 
object given by the mirror. 

21. Given a concave spherical mirror, how could you find its 

radius of curvataie by optical means alone, and without resortlnjr 
to geometrical operations 7 . ^ 
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22. A candle flame is placed at a distance of three feet from a 
concave minror formed of a portion of a sphere thd diameter of 
which is three feet. Determine the nature and position of the 
image of the candle flame produced by the mirror, and state whether 
it is erect or inverted, 

23. An object 6 inches long is placed symmetrically on the axis 
of a convex spherical mirror, and at a distance of 12 inches from it. 
The image formed is found to be 2 inches long. What is the focal 
length of the mirror ? 

24. Show how to find the position of the image of an arrow placed 
in front of a concave spherical mirror. Explain when it is an erect, 
and when an inverted image. 

25. Explain the formation of images by a concave cylindrical 
mirror. Find the relation between the distances of the two con- 
jugate foci fronj the mirror. What is the position of the image 
of a point which is at the distance of the diameter from the 
reflecting surface of the cylinder 1 

26. A small object is placed in front of a concave spherical mirror 
of 6 inches radius at a distance of four inches from the surface of 
the mirror. Where will its image be situated? will it be erect or 
inverted? and what will its dimensions he compared with those of 
the object ? Where must the object be such that the image may be 
of the same size ? 

27. Explain the formation of an image by a convex mirror. 

The radius of a convex mirror is 6 inches. If the linear dimensions 
of an object be twice those of its image, where mut j each be situated ? 
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REFRACTION AT PLANE AND SPHERICAL 
SURFACES. 

60. Eefraction. We have seen that a pay of light travels 
in a straight line so long as its course lies in the same 
homogeneous medium, but when It passes from one medium 
into another it undergoes a change of direction at the 
surface oi separation of the two media. This change of 
direction is called refraction. In illustration of this 
phenomenon the following simple experiments are frequently 
adduced : — , 

(1) When a piece of stick is partly immersed in water in 
an oblique position, it appears bent at the surface of the 



water (Fig. 64). This is due to the refraction of the rays 
coming from points of the stick below the surface of the 
water. For example, rays coming from 0 (Fig. 54) are 
refracted at S in passing from the water to the *air) and 
appear to come from O'. Similarly, other points between 

96 
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0 and A appear, at E, to lie between CK and A, and thus 
the portioA 0 A of the stick appears bent into the position 
O'A. • 


(2) If a coin be placed at the bottom of a vessel with 
opaque sides, in such a position as to be just out of the 
range of vision of an observer stationed a short distance off, 
it will be found that on pouring water into ^e vessel the 
coin soon becomes visible. Thus, if the coin be placed at 
S' (Fig. 3), it will be invisible to an eye at E, until, on 
pouring a sufficient quantity of water into the vessel, a 
small pencil of r£|,ys coming from S' and refracted at 0, 
in passing from the water to the air, reaches the eye by the 
bent course S' 0 A E, 


For similar* reasons a pool of water appears shallower 
than it really is, and small air bubbles in solid glass objects 
appear nearer the surface than they actually are (Art. 62). 


61. Angles of incidence and refraction. Let AO 
(Fig. 66) represent a ray of light incident at 0 on the 
surface of separation of the 
media M and M', and let OB 
represent the refracted ray. 

Then, if N 0 N' be the normal 
to the surface at 0, the angle 
AON is the angle of inci- 
dence, and BON' is the cor- 
responding angle of refraction. 

The laws of refraction, as 
established by experiment, refer 
to the relative position and 
magnitude of these angles, and 
may be stated thus : — ♦ 

(i) The angles of incidence 
cmd refraction Ue in the same plane — that is, the incident 
and refracted rays, cmd the normcd aJt the point ofinddence, 
all He in the seme plane, 

(ii) For the same two media, the rodio of the sine of the 
angle of incidence to the sine of the angle of refraction is 
aiwa/yrthe same. 
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(This law is generally known as the law of sines.) 
Wit^hout employing the term stwe, this law may be ex- 
plained *by a geometrical construction. With centre 0 
(Kg. 66) and any radius 0 a describe the circle a N 6 N', 
cutting 0 A and 0 B in a and 6. Prom a and h drop per- 
pendiculars a n and 6 w' on the normal If N'. Then the law 
may be expressed by stating that, for the same two media, 

the ratio ^ is constant. 
on 


mm 


62. Experimental verification of the laws of refraction. 
The law stated in the preceding articte may be roughly 
verified by naeans of the apparatus shown in Pig. 66. A 

cylindrical glass vessel, VV, 
is fixed, in a suitable stand, 
with its axis horizontal and 
its circular section vertical. A 
cftcular scale, divided into 
degrees, is fitted or engraved 
round its circumference. This 
vessel is half filled with water, 
holding a small quantity of 
freshly precipitated i^ver 
chloride in suspension, and the 
Fig. 56 . surface of the water is ac- 

curately adjusted on a level 
with the centre 0 of the circular scale. A pencil of parallel 
light is now reflected from a small mirror, w, so as to be 
incident in the plane of the scale on the surface of the 
water at 0.* The path of the refracted ray is rendered 
visible by the light scattered by the particles of silver 
chloride, and is seen to be deviated from the direction of 
the incident ray immediatmy on entering the water. If 
tile scale is accurately vertical, its plane will contain the 
normal to the surface of the water at the point of incidence, 


\rxr adjustment should be made before the water is placed in 
tl Art Pprition o£ the mirror m is adjusted until the reflected 
mm, AC A., cuts the scale at points A and A\ which are equally 
wtant fmm the z^. It is now evident that the beam passes 
through the centre of the circular scale* 
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and the refracted pencil will be seen to lie in this plane, 
thus verifying the first law of refraction. Also^ if •the 
magnitudes of the angles of incidence and refraction be 
read off on the circular scale for several different values 
of each, it will be found that, in accordance with the law 
of sines, the ratio of the sine of the angle of incidence to the 
sine of the corresponding angle of refraction is constant, 

A simpler verification of the law may be performed with 
a rectangular block of glass and a number of pins. 

Exp. 11. Fix the block, A B (Fig. 57), upon a sheet o£ cartridge 
paper, and mark in the outline with a sharp pencil. Fix a pin, 



into the paper, and close up to the glass. Arrange other pins, 
P P.P-P-, at convenient distances from one another and from P. 
With the eye on a level with the block and looking through it towards 
P P,, place Jbwo pins Q,, R„ Q, being in contact with the glass and K 
some distance out, so that R(^PP, appear in a straight line. Do 
the same with B^^P Bj, B|<3| P Pg. etc. 
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Remove A B and Join up the pinpricks by straight lines. Draw 
thcb normal 'NN‘ at P, and measure the angles P|PN, P^PN, 
P,PN . ; . Q,PN*, QjPN*, Q,PN‘ . . . with a protractor. Look up 
the values of the sines of these angles in a book of tables. 

Show that — 

sinP,Py_sinP,pH a constant. M say. 

Sin Q,PN* - sin Q,PN‘ sin Q,PN» * ^ 

If a protractor is not available describe a circle with P as centre 
cutting the rays inp^p^Pt . . • i?, ?•• • • • perpendiculars 

• to NN». Measure these with 
a pair of dividers and a diagonal scale and show that 

£& - ... - the sane constant, /t. 

Also observe that PjP, P^, P,P . . . arp parallel to Q,E„ (LRj* Q,R, • . , 
showing that the directions of the rays have not l^en changed but 
only that the rays have been shifted laterally by a distance which 
increases with the angle of incidence. 

63. Be&aotive indices. have seen that, when a ray 
of light is refracted from one medium, a, into another, 6, 
the ratio of the sine of the angle of incidence to the sine 
of the angle of refraction is constant. This ratio is the 
relative index of refraction from the medium a into the 
medium b. That is, if represent this index, and if ^ 
and ff/ denotck respectively the angles of incidence and 
refraction, we may write — 

sin 0 , . 

It has been established by experiment that the path of 
a ray of light is reversible — ^that is, if, in Rg. 55, £0 be 
taken to represent the incident ray, then 0 A will be the 
path of the refracted ray. This fact is evidently expressed 
by writing — 

' sin p* 

W.. 

Erom (a) and (6) we have — 

sin 0 sin 0' , 

^ sin 0' 'sin 0 * 


-1-, or.;i, 


Thatia— ^ 
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This result may’ be stated in words by saying, that* if 
• *1 
^ denotes the index of refraction from a to *6, then* — 

denotes the index of refraction from 6 to a. For example, 
if the index of refraction from air to water be f , then the 
index of refraction from water to air is 

When a ray of light is refracted from v acuum into any 
other m^ium, the index of refracti on 
thaT i pedLum is calle^the afao^^^ ind§x;^qj:ihE 

refractive mdex of the^medmm. “ ' ’ 

"ir aTray'oTl^fir^pS'frbm given medium, through a 
layer of another medium bounded by parallel planes, into 
the medium in which it* was originally travelling, it is 
known, from ^jxperiment, that the initial and final direc- 
tions of the ray are parallel. This may either be taken 
as an experimental fact, or deduced from results already 
obtained from experimental data (see Exp. 11). 


Thus, let A A and B B (Fig. 58) ^represent the parallel 
surfaces of separation of a layer of the medium b from a, 
and let KN, B!W re 


present the path of a 
ray travelling from a 
through b into a again. 
Then, it is evident that 
the angles R'N'n' and ^ 
RNn are equal, for 
they have respectively 
the same relation to ® 
the equal angles O' N' N 
and 0 N N', Hence, 
K'N' is parallel to RN, 
but is pot in the same 
straight line with it. 

It follows from this 
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that when a ray of light passes fiom one medium 
through any number of layers of different media, having 
parallel surfaces of separation, back into the same 
m^ium,*then the initial and final directions of the ray 
are paSralleL 
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Consider the case for the three media a, h, e, shown in 
Kg, 69 . Hero— 

_ sin 
sin 

sin <l>, 

, sin 0a 
sin 01 
oM-b • bfh • (/*a 
1 


af^b 


bfk 


cf^a 


, a/tb • &/*c 


c/*a 


- oA> [by (1) above]. 


That is — 

aMtf ** *9bM‘e. (2).’ 

This is an important relation, and enables ns to determine 
the rela^Jve index of refraction from a to c, given the indices 



of refraction from a to 6 and from 6 to c. For example, if 
the index of refraction from air to glass, ^fig, is f , and that 
from air to water, ^ index of refraction 

from water to glass, is ^ven by — 

wfh *■ ti>A*a • af^g = ^ af^g • 

That is — 

wf^g = i >* } “ !♦ 


♦ This formula is easily remembered by noticing that 0 and o are 
the initial and final suffixes on each side. Compare the suffixes v>, 
b^w. 
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This formula also*eiiab1es us to establish a relation between 
the relatWe refractive index for any two media and j^he 
absolute refractive indices of those media. Thul, if 
denote the absolute refractive index of the medium a, and 
^jLt(,that of 6, then — 

or — 


aM6 


vf^a 


( 8 ). 


That is, the relative index of refraction from a to h is the 
ratio of the absolute refractive index of h to ike absolute 
refractive index of*a. 

It should here be noticej,l that, as a general rule, a ray of 
light in passing from one medium into a denser one is bent 
towards the normal, while in passing into a rarer medium 
it is bent away from the normal. This is equivalent to 
stating, that if the medium 6Js denser than a, then — 

> 1, and 


1 

^ « < 1 , 

oM6 


which expresses the case for refraction from b into the 
rarer medium a. Since all media are denser than vacuum, 
it follows that all absolute refractive indices are greater 
than unity.* 

So far we have considered the index of refraction merely 
as a geometr ical relation, established by experiment, between 
tho directions of the incident and refracted rays. When 
considered in connection with the undulatory theory of 
light, a definite physical meaning can, however, be attached 
to this constant. It can be shown that the index of refrac- 
tion from any medium a into another medium h is the ratio 
of the velocity of light in a lo^ts velocity in 6. 

That* is — 



* This law holds for familiar transparent media, ^t not for all 
media without exception. It has been shown by methods similar 
to that of* Art. 99 that certain metals have refractive indices con* 
sideral)ly less than 1. , ^ See the Table. 
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where denotes the velocity of light in a, and denotes 
thecvelocity'of light in 6. 

This ratio differs for waves of different wave-length, 
being greater the shorter the wave-length ; and, as difference 
of wave-length, in waves of light, corresponds to difference 
of colour^ it follows that the value of the refractive index 
depends on the colour of the light which suffers refraction. 
The light having the greatest wave-length and lowest refrac- 
tive index is of a deep red colour, and that of the shortest 
wame-Ungth and highest refractive index is coloured violet 
Between these two extremes the refractive index increases 
as the wave-length decreases, and the colour of the light 
shades off from red through orange, yellow, green, and blue 
to violet. * 


Table of Eefractive Indices.''^ 


{Mean Valms.) 


Diamond .... 2*00 
Iceland Spar . . . 1*65 

Flint glM8 (Heavy) . . 1*62 

Book-crystal . . .1*55 

Rock-salt. . . .1*54 

Canada balsam ^ . 1*53 

Crown glass (Heavy) . 1 •53 

Plate gubss . . .1*52 

Alum .... 1*45 

Ice 1 *31 

Carbondi8iilphide(at2(fC.) 1*63 
Olive oil .... 1*47 
Oil of turpentine . .1*47 

Sulphuric acid . . . 1*43 


Hydrochloric acid 
Alcohol 
Ether . 

Water (at 2(f C.) 
Chlorine 

Carbonic acid gas 
Ammonia . 
Nitrogen . 

Air 

Oxygen 
Hydrogen . 

Iron . . . 

Copper 

Sodium 


1*41 
1*37 
1*36 
1*33 
1 '00078 
1-00045 
1*00039 
1*00030 
1*00029 
1*00027 
1*00014 
1*73 
0*65 
0*12 


_ 64. Simple construction foif incident and refracted rays. 

An easy construction for the directions of the incident and 
refracted rays is afforded by the fact that angles in a semi- 
circle 01*6 right angles. 

• The student will find it convenient to remember the following 
approximate values 

Refractive index for air and gbiss « f.l 
>t i> I, wafer 
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Let AB (Kg, 60) be the surface of separation between 
*two media a and h, and 
let M 0 be a ray in the ^ 

medium a incident on the 
surface at 0. Required to 
"find its path through the , 

second medium. a n 

Draw NOL, the normal ^ 
at 0, and on any convenient 
length 0 L as diameter 
describe the circle OPEL. 

Produce M 0 to cut the circle 
at P. Divide LP at so 
that ^ . L(^n L P. With 
L as centre describe the eo. 

arc QE cutting the circle 
in R; draw OR, it is the sefracted ray. 




For sin i -■ sin L 0 P ~ . 

L v) 


oAdSinLOB* 


Another construction is as follows: — Let AB (Fig, 72) 
be any incident ray on a surface m m. Draw any normal, 
NAA', cutting the incident ray in A, and choose 
A' on it so that BA^=a/*jBA. Then* join A'B and 
produce it to C. BO is the refracted ray. For evidently 

siM . sinBAN ^ ^ construction. 

sinBA'N BN/BA? BA ^ 

Hence the law is satisfied. 


55. Critical angle. All possible values of an angle of 
incidence or refraction must evidently lie between 0® and 
90®. Now, when a ray of liglft passes from a rarer into a 
denser medium, it is bent towards the normal — that is, the 
angle of refraction, ff/, is less than the angle of incidence, 
and therefore, whatever be the value of between 0® and 
90®, that of must also lie between 0® and 90®, and conse- 
quently refraction is always possible. But, if a ray of light 
pass from a denser into a rarer medium, it is b^t away 
from the normal, apd the angle of refractioD, is greater 
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than the angle of incidence, so that’, when pa^es a , 
certain limit at which becomes equal to 90°, refraction is 
no longer possible, and the incident ray is totally reflected 
at the surface of the rarer medium. 

Let mm (Fig. 61) represent the surface of separation of 
any two media a and i, of which b is the rarer, and let 1 0 
represent a ray incident, at 0, at a small angle ION, and 
refracted along 0 B. As the angle of incidence increases 
and the incident ray takes the positions a, 6, c, the angle of 
refraction also increases, and the refracted ray takes suc- 
cessively the corresponding position a\ Vf d. The angle of 



refraction being, however, greater than the angle of inci- 
dence, a position is reached at o where the angle of refraction 
R' 0 N' becomes equal to 90°, and the refracted ray, 0 R\ 
travels along the surface of separation of the media. The 
angle of incidence, I' ON, at which this takes place is the 
critical angle for the media a and 6. As the angle of 
incidence becomes greater thin I' 0 N the ray is no, longer 
refracted into 6, but is totally reflected from the surface 
mm \xi accordance with the ordinary laws of reflection. 
Hence, as the incident ray passes through the positions rf, a, 
it is reflected from m m along the corresponding paths, d', d. 

Hence, when re^rcuition takes jilace from a denser into a 
rarer medium^ the angh of inoidencef which correspmde to 
an angkqf refaction q/'90°, ia called thfi crUical angle far 
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(he given media. At this augle refraction ceases and total 
reflection ’from the surface of separation of the fcedia begina 

It should be noticed that for angles of incidence between 
0° and the critical angle, only a pm'tion of the light incident 
on the surface of the rarer Diedinm is reflected at that 
surface, the remainder being refracted and scattered (Art. 
20) ; but, for angles of incidence greater than the critical 
angle, the incident light is almost totally reflected, no 
portion of it being refracted. 

The value of the critical angle is readily determined for 
any media when the relative index of refraction for those 
media is given. Thus, let denote the index of refraction 
from a to b, then, in notation used above, if 0 denote the 
critical angle,® we have — 


af^b 


&in (fi 
sin 0' 


sin 6 
' sin 90° 


sin 0 


‘ sin $. 


That is, the critical angle foi^ refraction from a medium a 
into a rarer medium b is the angle whose sine is the relative 
index of refraction from a to J, or — 


aOb = sin-^aMb. ( 4 ). 

This value of $ for air and water is about 48° 30', and for 
air and glass it ranges from 38° to 41° according to the 
nature of the glass. 


56, Total reflection. As we have seen in the preceding 
article, total reflection takes place when a ray of light, 
trjivelling in the denser of two media, is incident on the 
surface of separation at an angle greater than the critical 
angle of the media. 

This phenomenon is readily exhibited by means of the 
apparatus shown in Fig. 56. ^The position of the mirror m 
is changed, and adjusted so as to reflect a beam of light 
upwards through the water into the air— for example, along 
the path BOA. As the angle of incidence is slowly in- 
creased the refracted ray gradually approaches the surface 
of the water, and finally, when the critical angle is passed, 
suffers total reflection at the surface of separation of the 
air and water, and is seen in the water as if reflected frmn 
a mirror coincident with this surface. 
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Simple illustrations of total reflection aro often met with* 
For esaipple^ if a glass vessel containing water be held 
above the level of the eye, and the surface of separation 
of the water from the air be looked at from below, it 
appears, when seen by total reflection, as a brilliant 
reflecting surface. 

Similarly, the edge of a crack in a pane of glass, seen 
obliquely, exhibits the same eflect, as does also the surface 
of a glass tube held obliquely in a beaker of water when 
looked at through the sides of the beaker, especially if the 
surface of the tube has been very lightly smoked in a flame. 

The brilliancy of many precious stones is due to their 
large refractive indices and therefore small critical angles. 
When light enters a cut diamond at any face ft finds it very 
difficult U) get out at most of the other faces, and hence 
bright beams issue at the one or two faces which are 
available for emergence. 

57. The mirage. This i^a phenomenon, on a large scale, due to 
total reflection from layers of air. In hot sandy deserts inverted 



images of distant objects and of the sky are often seen reflected as 
from a lake. By contact with the hot sand the lower layers of air 
become so heated that up to the height of a few feet the density 
iameases upwards. Bays of light from a distant object entering 
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these layers of larehea air obliquely downwards become bent up 
more and more by refraction the lower they penetiaj^e, and at last 
fall oh a stratum at an angle greater than the critical apgle <Fig. 
62). Here total reflection takes place, and the rays becoming bent 
up more and more in traversing the denser layers above, at last 
reach the observer's eye as if they came from a point as far below 
the reflecting layer as the object is above it, while at the same 
time he sees the object direct by rays which do not pass down into 
the reflecting layer. Thus in the figure the appearance is that of 
a palm-tree standing by a tranquil pool of water. 

A similar mirage can often be seen across lakes on tranquil 
autumn mornings. In this case it is the water that heats the lower 
layers of air. 

In the Arctic regions inverted images of ships and other objects 
are sometimes seen in the air, even though the objects themselves 



may be below the horizon. This is due to the very low temperature 
of the ice and sea cooling the lower atmospheric strata so much 
that their density increases rapidly downward. Then rays passing 
obliquely upwards from the objects into the rarer layers become 
more and more bent down until they suffer a total reflection as in 
the other case, and as shown in Fig. 6^ A well-known instance of 
this happened some years ago ^t Dover. Ships close in to the 
French, coast were distinctly seen from the Bnglish side of the 
Straits. 

58. Oeometiioal constraotion for oritical Let 0 

be a point in the plane pf separation A £ (Fig. 64) of two 
media a and b. It is requir^ to find the direction of a ray 
which, passing through the medium b and inddent on A B 
at the point 0, is just totally reflected. 
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' Draw N 0 L, a normal at 0, and on any convenient length 
0 L as diametor describe a circle L R 0. With L as centre 

and radius equal to 

strike an arc cutting the 
circle in R. Then RO is 
the direction of the critical 



angle 0 R L is a right angle, 

therefore ROL is equal to 
0, -the critical angle The 
refracted ray 0 M just 
skims the surface. If R 0 L 
exceed 6 by ever so little, 
all the light is reflected, taking the direction OC. 


59. The glass block of Art. 52 may also be used to determine the 
index of refraction, by an experiment in which the light is totally 
reflected from one face. 

Exp. 12. Place the block upon a sheet of paper as before. With 
the eye in the neighbourhood of P| (Fig. 66) sight a pin placed at P, 
by observing its reflection in the face B C. 



ffow insert pins at P,, Pj so that Pj P2 P3 P4 appear in the same 
straight line. Remove the glass, and produce P^ P2 and P4 Pj to meet 
AB and DO at M and K Between M and N the ray has been 
reflected at the surface B 0. To find its path produce A. B to M', 
making B M' equal to B M. Join NM', cutting BO in Q. Then 
Pi Pg M Q N P, P4 is the complete path of the ray from P, to the eye. 
Draw normals at M and N and from the values of i, r, /.or j?/. 
calculate two values of /ii. They should agree very closely. 
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60. Wollaston’s method for the determination of the 
refractive index of a liquid by total redection, Let A 
(Kg. 66) be a ray of light passing through a liquid I and 



incident at A on a parallel plat© of glass y. If i is the 
angle of incidence the angle of refraction, r, is given by — 


sin r alJ^ 


The ray now meets the second surface at B, and if air be 
the iiiedium on the other side of the plate the angle of 
refraction i' is given by — 


sin i' 
sin T 


afHf> 


i is always greater tlian t, and hence if^i be gradually 
increased a time mil arise when the light will be totally 
reflected at B. If 0 and 0 be the values of i and r when 
this occurs, we have — 


sill $ ^ fjiflg 

sin 0 aM-l 
sin 

afig 

sin 0 « — ; 


BO that 6 is the critical angle from the liquid to air. 

The problem therefor© resolves itself into an accurate 
determination of this angle. When i is less than the critical 
angle the ray K A will travel through the plates, but when 
t is equal to or greater than the critical angle the ray is 
totally reflected at the air-glass surface, and no light gets 
through. 
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Exp, 18. Two Mrly thin glass plates abont 4 cm. long and 3 cm. 
wide are tal^en, separated by pieces of microscope cover slips placed 
^ < at the corners, and then cemented together at the 

edges by bicycle cement or wax, thus forming a glass 
^ 67), containing a thin film of air. A is 

Ufj ImI then fixed in a metal clip, B, which is supported by a 
I III vertical spindle, 0, working in the centre of the top or 

a flat wooden box (Fig. 68). By means of a head, D, 
^ the glass cell can be rotated, the amount of rotation 
Fig. 07 being indicated by the motion of a pointer, B, over a 
graduated circle, F. The wood in the middle of two 
opposite sides of the box is cut away and replaced by two glass 
plates on which sheets of tinfoil have been pasted. Two narrow 
rectangles of tinfoil are removed from the sheets and these serve 
as slits M and B. The liquid whose index of refraction is to be 
determined is placed in a glass vessel, G, whose sides must be 



Fig. 68. 


plane and parallel ; G is then placed in the position shown in the 
diagram. A source of monochromatio light (a sodium flame is 
usually employed *) is then placed in front of B. 

Placing the eye l^yond 11 an^ looking along M B, turn D so that 
A is nearly broadside on to thelight. B is then easily seen. Now 


* To set up a sodium flame, take about a foot of iron wire and 
wind one end in a conical sph^ Wind the other end round the 
tube of a Bunsen burner and place a piece of salt on the upper 
spiral so that the flame comes in contact with it. 

Another way is to soak a piece of asbestos paper in strong brine, 
wrap it around the top of the burner, and fasten it in position with 
wire. 
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tarn D gradually to the right or left antil R just becomes invisible. 

The ray R A* is now making an angle* $ with the normal. Take the 

reading of E. Now rotate the 

plate back to its original position, ji A 

and then beyond it until R be- \ ^ v 

comes once more just invisible. \ / 

She two positions of the plate yj < 

are represented by Aj Aj, A, Aj in 

Fig. 69, and it is easily seen that / \ '' JVj 

the angle through which the cell A ' 

has been rotated is equal to twice ' 

the critical angle (for sodium Fig. G9. 

light) of the liquid contained in 

G. When F is graduated to road to 20', values of the critical angle 
can be determined quickly and accurately, yielding values of fu 
correct to one-half per cent. • 

For a more aceurate method for the determination of ju by total 
reflection, see Art. 168. A still simpler method is that in which the 
slits are replaced by pins and the glass cell is cairied by a small 
wooden stool, the position of the stool being given by pins stuck 
into its legs. The experiment can then be carried out on a sheet 
of paper. 


61. Deviation produced by refraction. Let A 0 (Fig. 70) 
represent the incident ray and O B the refracted ray, then 
tho deviation produced by the re- 
fraction at 0 is expressed by — 

A'OB« A'ON'-BON'. 

» A 0 N - R 0 N' 

That is — 

D - <t>\ (8). 

where ^ denotes tho angle of inci- 
dence and the angle of refraction. 
As sin ^ as /a sin it is evident 
that if Kfi gradually increases, 
also increases, but at a slower 
rate ; hence the deviation increaixea 
as tho angle of incidence increases. 

When the angle of incidence is zero, then the angle of 
refraction is also zero, and therefore no deviation is pro- 
duced — that is, when a ray is incident along the normal to 
the surface of separation of two media it does not suffer 
deviation, but contipues its cxiurse in the same straight line. 

8 


ivr 
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It la moat interesting to note that jnat as the path taken by light 
when reflected is that which makes the time of passage least (see 
Bx. £[.• 1% so likewise does the path taken on refraction. That is, the 


A 



B 

Fig. n. 


time taken by light to travel from A to B by the path A 0 B (Fig. 71), 
namely, is less than that taken along any other 

path. For the purposes of proof consider a ray A O' B very near 
A 0 B, so that th^ angles of incidence and refraction are approxi- 
mately the same for both rays. Let 0 M be drawn perpendicular 
to A O', and O' R perpendicular to 0 B. 

Now sin * - sin O' 0 M = sin r = sin 0 O’ B =■ 

sini O'M 0 0' O'M. 


but afib 



O'M _ OB 


That is, the time taken by light in travelling from M to 0' in the 
madinm a is the same as that taken in travelling from O to H in the 
medium b. Also A 0 is very nearly equal to A M and B 0' to B B, 
hence the light takes the same time to travel from A to B along the 
two paths A 0 B, A 0' B. 

Kow by mathematics it can be proved that, when a function is 
gradusdly varying, its variation is sero when near a maximum or a 
minimuiku In the case in question the time is certainly nbt a maxi** 
|tiam, hence it must be a nunimum. (^. with Art. 75 ). 
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62. Refraction at a single plane surface. So far we have 
dealt onlf with the refraction of a single ray ; -we shalLnow 
consider the refraction of small pencils directly * incident on 
the surface of separation of the media. Let m m (Fig. 72) 
represent the surface of separation of two media, a and 6, of 
which h is the denser, and let A B represent one of the extreme 
rays of a diverging pencil of light directly incident on m rw 
along AN. A B is refracted at B along B C, while AN, being 

fit 



h I 

lU' 

Fig. 72. 


normal to m m, passes on along N D without suffering devia- 
tion. The focus of the r efracted pencil will now be found 
at the point A' from which B C and N D apparently diverga 
It thus appears that A' and A are conjugate foci, and that 
A! may be considered as the image of A formed by refrac- 
tion at the surface m m. It now remains to determine the 
relation between the distances of A and A' from that 
surface. Let <f) and denote the angles of incidence and 
refraction, and ft the refractive index t for the case con- 
sidered. Then, since and are respectively equal to the 
angles BAN and B A' N (E^c. i. 29), we have — 
sin <p ^ sin B A N ^ B N . B A ^ BA 
^ ** sin 0' bin B A' N BAB N B A * 

* A pencil of light is directly incident on a surface when the axis 
of the pencil is perpendicular to that surface. 

t In what follows, pi always denotes the refractive index for 
refraction in the direction in which the light is supposed to he 
travelfing. 
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But if B N is small— that is, if the incident pencil is small — 
then.B 4 ® approximately equal to’N A and 

N A', and we have — 


Now, adopting the notation of Chapter V., and retaining 
the sign convention there explained, let N A be denoted by 
u and N A' by v. Then — 


/. V * fiU, 


( 6 ). 


That is, the distance of the image from the plane refracting 
surface is /a times that of the object. 

This explains why, on looWng vertically 

S downwards, the depth of a pond of water 

appears to be only three-fourths of what 
__ it really is. Let 0 (Fig. 73) represent 

h:-- an object at the bottom of the pond; 

-Z_l HVl then, after refraction at the surface of 

the water, the small direct pencil incident 

i along ON appears to diverge from I — 

that is, the object 0 is seen at I.* From 

9 relation (6) obtained above we get — 

I N = /1 . 0 N. 


Pig, 78. 


Now fi from water to air « 


/. I N i 0 N. 


In exactly the same way the apparent thickness of a 
plate of glass, or other transparent medium, as seen by an 
eye looking along a normal to the surface of the plate, is 
less than its actual thickness. For if 0 (Fig. 73) represent 
an object close to the face of the plate remote from the eye, 
then its apparent position is at I — that is, 1 N is the appa- 
rent thickness of a plate of actual thickness ON. Hence, 
if t denotes the thickness of the plate, its apparent thickness 
is given by ja t, where /a is the index of refraction the 
medium into air. 

The result is true only in the case of small direct pencils. 

* 2h ftg. 73 the dotted lines below N shonld be In direct oontinn* 
atiou of the fall lines above N 
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Xsp* 14. To determine the refractive index of a solid (er^Hquid). 
Cut a thin slip of stamp-paper and stick it in a vertical posit}on at 
O to the edge of the glass block A B (Fig. 74) already used in Exps. 
11 and 12. Place the block on tbe 
table and draw in the normal 0 N P. 

With the eye on this normal, look at 0 
'through the glass; observe that it 
appears nearer. It appears at I, and 
to locate I place a pin on the normal 
and with the eye in several positions 
not far distant from the normal adjust 
it until its image by reflection coincides 
with L Note its final position, P. 

Remove the block, make 1 N equal to 
N P, then I is the position of the image 

of 0 and ON/IN 

A more acdhrate method is to use 
a low-power microscope which has a 
vertical adjustment and a fine scale by 
which the vertical motion can be measured. Cut a small star of 
paper, place it on the table ana focus the microscope on it. Read 
the scale (1). Place the block on thp pai^er-star. Elevate the 
microscope until it is again in focus. Again read the scale (2). 
Lay another small star of paper on the top of the block and again 
elevate the microscope untU this is in focus. Again read tbe 
scale (8) ; the difference between (2) and (3) is equal to I N, and 
that between (1) and (3) is 0 N. Again read the scale (3) ; the 
differences in the readings between (1) and f6), (2) and (8) are 
equal to 0 N and I N respectively. 

If the refractive index of a liquid is required, the liquid must be 
placed in a glass cell, whose walls are thin, plane and parallel. The 
operations are then the same as for the solid block, the refraction of 
the glass walls being neglected. 

It is also possible to work at the end of the block. Place the slip 
of paper, 0, at the corner ; I can then be located by a pin, which is 
moved along the end of the block. When the pin occupies the 
position of the image of 0, it can be pressed into the paper. 

Strictly, I is the conjugate focus of 0 only when the 
angle of the pencil diverging from 0 is infinitely small; as 
this angle increases, tbe focus I approaches nearer *and 
nearer the surface (Fig. 76), until, when it is equal to twice 
the critical angle for the me^a, the point I coincides with N. 
If the angle of the pencil be greater than 2 6 (where $ de* 
notes the critical angle), then all the rays making angles 
greater than 0 with the normals at the points of incidence 
are totally reflected, and do not emerge from the water. 


0 
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Hence, remembering the reversibility of the direction of the 
passage of the light travelling along any path, it follows 
that an eye placed at 0 and looking upwards will see all 
external objects, most of them greatly distorted, comprised 
within a vertical cone whose semi- vertical angle is equal 
to the critical angle. The water surface outside this cone 
acts as a mirror, reflecting rays from objects lying below it. 

If now we consider an oblique conical pencil of 0 a 6 c d 
emanating from 0 and entering an eye placed at E, it does 
not diverge from a definite point after refraction. Two 
special cases may be considered. If the pencil be much 
narrower horizontally than vertically, it may be regarded 
as a number of rays all lying in (or close to) the vertical 
plane in which the figure is drawn. This will* diverge after 



0 

Fig. 75. 


refraction from O', almost exactly. If the pencil be wider 
horizontally than in plane of figure, it can be regarded 
as an aggregate of rays all equally inclined to ON, and 
these diverge after refraction from I. For other forms of 
peiicil neither of these results are true ; but the emergent 
pencil consists of rays, every one of which cuts (very 
nearly) two “/ocaZ linesj* one at I in the plane of the 
figure, and one at O' perpendicular to it. 

If we are observing the point 0 with two eyes situated 
on a level and at the same distance from 0 N, these receive 
two narrow pencils which appear to come from the* same 
point Ion the normal ON. If we are observing with two 
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eyes in the same 'Vertical plane through ON, is,, the plane 
of figure, *the rays received appear to diverge from a ppint 
O' not on the normal 0 but on the observer* e side of 
If the eyes are held obliquely, the image seen is confused 
and cannot be located at a definite point. 

* Thus the apparent thickness of the medium becomes less 
and less as it is looked at more and more obliquely, and 
finally becomes zero when the direction of vision is parallel 
to its surface. This explains why the flat bottom of a 
vessel full of water appears slightly concave; the points 
vertically below the eye are seen by direct pencils, but the 
surrounding points by slightly oblique pencils, so that the 
water appears shallower «as the range of vision travels out- 
wards from tfie point vertically below the eye. If the eye 
be moved along parallel to the surface of the water, this 
appearance of concavity moves along with it, and thus an 
apparent wave motion is^given to the bottom. For the 
same reason the depth of a pool of water appears to increase 
as we approach it and to diminish as we rec(*de from it, 

63. Image of a point seen by direct refraction through 
a plate. When a plate of glass or any transparent sub- 
stance is interposed between the eyes and %near object, the 
distance of the eyes from the latter is apparently diminished. 



Fig. 76 


This is evidently due to the apparent diminution in the 
thickness of the plate ; and, if t denotes the actual thickness, 
then the apparent thickness, t', is given hy if ^ ft, t, and the 
position of the object is apparently nearer the eye by a 

* Fjg.' 75 well repiesent this case if c aud d are taken to be 
positions of the eye^ of the obs6rve^ 
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distance (t jit) ov t (1 — /a), where fi' denotes^ the index 
of nefraftlon from the plate to air. Fig. 76 shows how this 
apparent change of position is effected. An object at 0 is 
seen at O', the virtual focus of the refracted pencils which 
enter the eyes at Ej, Ej. 0 O' represents the apparent change 
of position, and being equal to o o' is apparently equal to 
0 w «— o' n ; that is, if 0 O' be denoted by d, we have — 

( 7 ). 

If the refractive index from air to the plate be used, the 
formula becomes — 


61 Caustics by refraction. On the right-hand side of 
Fig. 75 it will be noticed that the backward prolongations 
of the refracted rays are tangential to a curve which is 
known as a virtual caustic by refraction (see also Art. 91). 

65. Images produced by a plate with parallel faces. 
Let 0 (Fig. 77) represent an object placed in front of the 
plate. Bays reach the nearest face of the plate in all 
directions from 0. Consider the ray 0 a. It is partially 
reflected from the first face at a, and an image due to 
this reflection fe seen at I. But a portion of the light 
incident at a is refracted into the plate along a 5, and, 
on incidence, at 6, on the second face of the plate, a 
portion is reflected along h c, and the remainder refracted 
out into the air. The first portion, travelling along 6 c, 
again suffers partial reflection and refraction at c, and the 
emergent ray, c/, gives rise to another image T, fainter 
than the first at I, because of the loss of light at 6 and c. 
Similarly, after reflection at d, and refraction at e, the light 
emergent along ey gives rise to another image F .fainter 
than that at I'.^ In this way, by continued reflection ‘and 
refraction, a series of images are formed on the line I O' ; 
each member of the series becoming fainter and fainter as 
the number of reflections by which it is produced are 
increased. 

When we stand in front of a thick plate-glass mirror 
and examine our reflection in it, there is no ap^rent 
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confusion, becauses the images formed by the two surfaces 
are almost exactly superposed, and still mora becayise the 
second image (that due to the silver) quite overpowers by 
its brilliancy the feeble first image formed by the front 
surface of glass. But if we hold a finger, or better, a 
candle-flame, near the glass, and look obliquely at its reflec- 
tion, we at once see both these images i>artly overlapping 



Fig. 77. 


each other, and the second much brighter than the first. 
On looking more obliquely the images separate more widety’, 
the first becoming brighter and the second less bright, 
and a third image, fainter than either, appears. On looking 
still more obliquely, a fourth, and perhaps a fifth, image 
will be seen ; and now the first image is the brightot, and 
the others show a gradual diminution of brightness. 

To explain this, a modification of Fig. 77 must be 
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employed. In Fig. 77, the parallel rays from e, and e are 
too widely separated to enter the eye at the same time ; and, 
even if they did, they would all blend 'together to give an 
image at infinity. Let 0 and E (Fig. 78) represent object 
and eye ; then all the rays (or, rather, the axes of the 
narrow diverging pencils) by which 0 is seen by E must on 



emergence from the plate converge to the eye. 0 emits 
light in all directions. Of the rays emitted one — viz,, 0 a — 
iif mrtly refiected at the front surface of the plate, and the 
reflected part passes to the eye along a E. The other part 
penetrates the glass ; but, since none of this on emergence 
will enter E, we need consider it, no further. 

Another ray, 06, suffers one internal reflection at o, and 
enters the eye by the path 06c(2E. Farts of 06 are 
reflected at 6 and at d, but they can be* neglected. 
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A third ray. Os, 'reaches the eye by means of the path 
0 «/ A i E. * Portions of it reflected at e and i and emergejpt 
at g need not be considered. Other rays can be treated in a 
similar manner, and, if we consider each of these rays as 
the axial ray of a small conical pencil, it will be obvious 
that these pencils will, to an eye at E, be apparently 
coming from images I, I', I", which are on the normal 
through 0, but which are not quite equidistant from each 
other. 

The number of images seen depends upon the polish of 
the reflecting surface, for, after a certain number of reflec- 
tions and refractions, the quantity of light reaching the eye 
becomes too small to excite«the sensation of vision, and the 
loss of light by reflection at any suMace depends upon the 
degree of polish of that surface. In performing this ex- 
periment it will be noticed that the first image increases in 
intensity as the angle at whieWt is seen is increased, and at 
very oblique incidence it becomes much the brightest. This 
shows that the quantity of light reflected from a glass surface 
increases as the angle of incidence increases. 

In ordinary looking-glasses these multiple images are 
scarcely ever noticed, and are of no importance; but in 
optical instruments they would be most inconvenient, and 
their formation is prevented by silvering the glass on the 
front surface and polishing the silver deposit as highly as 
possible. When great brilliancy is not necessary a very 
fair single-image reflector may be obtained by coating the 
back of a piece of plate glass with lampblack, which 
absorbs all the light except that going to form the first 
image. 

If the luminous point 0 is at a great distance away, so 
that the rays 0 a, 0 6, 0 o, etc./may be considered parallel 
to each other, only one beam, and that of parallel rays, will 
enter the eye; and hence only one image is seen in the 
plate or mirror. If, however, the plate be not exactly 
uniform, and its faces plane and parallel, more than one 
image of a distant point will be seen; and hence this 
experiment affords a severe test of the goodness of a 
plate. 



LIGHT. 

66. Kefraotion at a single spherical surface. Let mm 

(Pig., 79) ‘represent the spherical surface of separation of 
two m^ia a and of which 5 is the denser, and let A B 
represent an extreme ray of a small pencil of light, diverging 
from A, and incident direcUy on mm along AN. A B is 
refracted at B along B 0, while A N, being normal to m m, 
passes on along N D without undergoing deviation. 




Pig. 79. 

The virtual focus of the refracted pencil will now be at 
lihe point A', from which B 0 and N D apparently diverge. 
That is, A' is the focus conjugate to A, and may be con- 
sidered as the image of A formed by refraction at the 
spherical surface m m. 

Let O represent the centre of curvature of m m, then 0 B 
is the normal at B, and the angles of incidence land refrac- 
tion, ^ and are respectively equal >to, or supplementary 
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(itlcntically) 

sm 0 


to, A B 0 and A' B 0*(Biic. i. 15). Hence, if p. denote the 
index of refraction from a to 6, we have — 

sm 0 
sin 0' 

sin 0 

“ sin H (JA 

^ _sin 0 sin 13 0 A 
“■ sin 15 O A * ~~^ir0'~~ 

But, by applying Art. 36 (4) and (5) to the trianglas BOA 
and B 0 A', we get— ^ 

sin0'“’l3A‘ A'O 
. _AO DA' 

*13 A* A' (7 

If BN be siitecioiitly small, then BA and BA' are 
approximately equal to N A and N A' respectively. , 

. ^ A 0. N A 

NA^A'd* 


As before, l(‘t N A be represented N A' by Vy and 
N 0 by r. Then, witli the usual sign eonvi'iition, we have — 

^ NA‘ A'O «(/• - vy 

Therefore, whether m m be concave or convex, wo have — 
{r — vyi 

jj.~ ' . 

(r - r)H 

fjL r n jut, tt r ^ r r u v. 

/JL r u r r wrfju—l). 

Therefore, dividing through by r u v, we get — 

" - ^ ^ ^ *. (8). 

V H r 

This is a general relation, applicable to all cases of 
refraction of small direct penc^s at a migh planet or 
spheriQal surface of separation of two media, who^o relative 
index of refraction /or the direction in v:hich the light i% 
travelling is denoted by p, 

* In Fig. 79 (B) A 0 == A N + N 0 = - r) - 14 - r. 

and A'0~A'N + N0 = v + (-r)=xr~r. 
t Whei^ m m is a plane surface (Art. 62), then r is infinite and 

fiJlJLaa 0, and the fcrmula reduces to £ — la* 0 or 

y CO ^ V u 

V m result identical with relation (6) above. 
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67. Positions of the principal foci of a spherical refract- 
ing s^ace. When v is infinite the value of u is called the 
first principal focal distance. Denoting it by fi, we have 




r 




The point on the principal axis at a distance /i from the 
pole is called the first principal Jocus^ and rays proceeding 
from it (/i positive), or to it (/i negative), are refracted, so 
as to proceed parallel to the axis. 

Similarly, by making u infinite we obtain a value of v 
called the qecc^ principal focal distance. Denoting it by 
/j we obtain 



The point on the principal axis at a distance from the 
pole is called the second priyxiipal foctbs, and rays originally 
proceeding parallel to the axis are refracted so as to diverge 
from it (/j positive), ’or converge to it (/^ negative). 


M 


68. Exercise. CoiiBtrxiction of the refracted ray at a spherical 
surface, Let M J (Fig. 80) be any ray incident on the surface 

of radius 0 J. With centre 0 
describe two spheres of radii 

tt . 0 J and — , Produce M J to 

cut the outer sphere in R. Join 
0 R, cutting the inner sphere in S. 
Then J S is the refracted ray. 
For since OS;OJ:;OJ:OR 
the triangles 0 S J, 0 J R are 
similar, hence L OJS=« £ORJ, 
and therefore 

sin 0 J R _ sin 0 J R _ 0 R 
sin 0 J S ** sin 0 R J * 0 J 
from which we see that the angle 
0 J S is the angle of refraction. 

It is to be noted here that all 
rays directed towards R are re- 
fracted so as to pass through 8. Similarly all rays coming from 
S are refracted so as to appear to come from R. B«and S are 
conjugate foci for aU rays and the surface is said to be AplanaHe 
(See also Art. 78.) 
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69. Opacity of mixtures of trauspareut substances. If 
some paraffin oil and water, or any other two liquids which 
will not mingle, and which have no chemical action on each 
other, be shaken in a test-tube the mixture becomes opaque 
like milk. The result of the agitation is to break up each 
liq^uid into a multitude of minute drops, each one of which 
retains all the transparency that the oil and the water in 
bulk possessed. But when a ray of light falls on the mixture, 
and encounters first a drop, let us say, of water, a certain 
proportion of the light will be reflected from the first surface 
of the drop, the rest passing through the drop until it 
encounters a neighbouring drop of oil. Here .another re- 
flection takes place, and the weakened ray passes through 
the drop of oil# till it encounters a drop of water, when 
further reflection and further weakening takes place.^^ Since 
there must be scores of such reflecting surfaces in every 
tenth of an inch of the mixtiye, it will be apparent that 
the light will be unable to penetrate directly to any con- 
siderable depth, and the opacity is at once explained ; and 
the milky whiteness also, for the mixture reflects the light 
freely instead of allowing it to pass freely through it away 
from the eye. Foam is white and opaque for a similar 
reason — it being a mixture of minute partiojos of air and 
.water, both of which are separately transparent. Milk 
also owes its whiteness to the same cause, for it con- 
sists of a multitude of minute globules of transparent fat 
floating in a transparent watery liquid. Snow and crushed 
glass are white and opaque for similar reasons. If two 
transparent liquids of precisely the same absolute index 
of refraction were shaken together, no such results would 
follow, for there would be no internal reflections at the 
bounding surfaces. 

Again, if a colourless transparent solid were immersed in 
a colourless transparent liquid of the same refractive index, 
the solid would be invisible.* An approach to this condition 

* As a matter of fact, Lord Rayleigh has shown that in a field of 
uniform illumination any transparent body would be invisible, even 
if the body and the surrounding medium were of very difleient 
refractive index. 



138 


LIGHT. 


may be made by immersing a glass rod m glycerine, when 
it mil be found that the existence of the rod might be easily 
ovWlodked on a casual glance. A fibre of cotton when seen 
under the microscope k nearly transparent^ but paper, which 
is a feltwork of stich fibres, is opaque, because the interstices 
between the fibres are occupi^ by air, which has a very 
different refractive index from the cotton. In the manu- 
facture of tracing-paper, the air is replaced by greasy 
substances, whose index of refraction approaches much more 
nearly to that of the cotton fibres than air does, consequently 
there is much less internal reflection and more transparency 
than in the untreated paper. The increased transparency of 
a linen lantern screen on wetting it is similarly explicable. 



70. Atmospheric Befraotion and its Effects. If the earth had no 
atmospliere the rays of light proceeding from a celestial body would 
travel in straight lines right up to the observer’s eye or telescope, 

and we should see the body in 
its actual direction. But when 
B, r&y 8 a (Fig. 81) meets the 
uppermost layer AA^ of the 
earth’s atmosphere, it is re- 
fracted or bent out of its course 
and its direction changed to a b. 
On passing into a denser stratum 
of air at B B\ it is further bent 
into the direction b o, and so on ; 
thus, on reaching the observer 
the ray is travelling in a direc- 
tion 0 7, different from its 
original direction, but in the 
same vertical plane. 

The body is therefore seen in 
the direction 0 although its real direction is a Sox 08, Also, 
since the successive horizontal layers of air AA\BB',C(7,,,, 
are of increasing density, the effect of refraction is to bend the ray 
towards the perpendicular to the surfaces of separation, that is, 
toward the vertical. 

Hence the apparent altitudes of the stars are increased by refrac~ 

tiem. 


A 


A 

H"' 

_ _ 

Jf 

C' 

- 
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Jtf 


Fig. 81. 


In reality, the density of the atmosphere increases gradually as 
we approach the earth, instead of changing abruptly at the planes 
A A\ BBf CC, , , , Consequently the ray, instead of describing 
the polygonal path SabeOf describes a curved path, bnt the general 
effect is the same. 
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The elevation due tcf refraction increases as we go from the zenith 
to the horizcfn. At the latter place the elevation is about 33' ; con- 
sequently a celestial body appears to rise or set when it is 33' below 
the horizon. Thus the effect of refiaction is to accelerate the time 
of rising, and to retard, by an equal amount, the time of setting of a 
celestial body. In particular the sun and moon, whose angular 
diameters are 32' and 31' respectively, appear to be just above the 
horizon when they aie really just below. 

When the sun or moon is near the horizon, it appears distorted 
into a somewhat oval shape. This effect is due to refraction. The 
whole disc is raised by refraction, but the refraction increases as 
the altitude diminishes, so that the lower limb is raised mure than 
the upper limb, and the vertical diameter appears contracted. The 
horizontal diameter is unaffected by refraction, since its two ex- 
tremities are simply raised. Hence the disc appeals somewhat 
flattened or elliptical, instead 5f truly circular. 

The apparent ^position of teirestrial objects also suffers from the 
same influence, distant bodies appearing elevated above their true 
position. 

The duration of twilight (Art. 84), is also increased by refraction. 

The twinkling of the stars. T^ air near the ground is more or 
less disturbed by convection currents, and thus the refractive index 
will vary from point to point even on tl?e same level. The rays 
of light from a star, besides being bent as described above, will 
deviate now and then from their position in an atmospheie at rest, 
and so the light from a star will sometimes be conceutiated at a 
point and sometimes decreased in intensity. Therefore, to a fixed 
observer, the star begins to twinkle or seintillati. Tliat planets 
do not twinkle us much as stais is due to the angular size of the 
former; the directions of the ra>s from different paits of the 
planetary discs may vary very much, but tlie sum of the number 
of rays icccivcd by any given area— even if small— is very nearly 
constant, and thus uniform illumination result s. 

The above explanation is lonie out by the fact that a star seen 
through a large telescope docs not twinkle, the average amouni 
of light falling on su(h a large area as an object glass bt'ing 
approximately constant. 
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71. In the preceding chapter several important relations have been 
established. For convenience of reference we shall here summarise 
the formulated expressions of these relations : — 

(1) (Art. 63.) 


That is, the index of refraction from 6 to a is the reciprocal of 
that from a to b. 


(2) 


* am.hf^e 

(Art. 63.) 

(3) 

am 


(Art. 63.) 

(4) 


= sin'^a/Aft. 

(Art. 66.) 

The relations (3) and (4) 

should be learnt in words. 


(6) 

D 

«(0 .0') 

(Art. 61.) 

(6) 

V 

e 


(Art. 62.) 

(7) 


1 

ii ii 

(Art. 68.) 

(8) 

V u 

r 

(Art. 66.) 


In formulas wh^h involve v and v, distances are measured from 
the surface of separation of the media, and the usual sign convention 
(Art. 40) is adopted. 

In all cases p denotes the index of refraction in the direction in 
which the light is travelling. 


Examples IV. 


1. The absolute refractive indices of diamond and glass are 
respectively J and J, Find the relative indices of refraction from 
glass to diamond, and from diamond to glass. 

Here, if gfia denote the relati>^ index of refraction from glass to 
dijmond we have, from (3)— 




vfMi 5.3 

vfig 2 2 



6 

3* 


gfJ^d « h and by (1) 


dfig — f. 


2. Find the critical angle for water and glass, given that the 
Index of refraction from air to glass is f, and that from air to 
water 


m 
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Of the media water' and glass, glass is the denser, and by (1) and 
(2) we have— 

gf^w — {//^a • afho ~ 1 = 2 • 

Now, if g6w denote the critical angle for glass and water, then — 

gdui — gfjtfff =st sin*"^ 

That^ is, tv <5 critical angle for glass and water is an angle whose 
sine is Reference to a table of sines show this to be 44'. 

3. A small air bubble in a piece of glass with a plane surface is 
3 inches below that surface ; find its apparent distance from an eye 
looking at it, along a normal to the surface, from a point 8 inches 
from the surface. (Index of refraction from air to glass j.) 

Here, applying f = fxt (7), and remembering that the light is 
supposed to be travelling from glass to air, and that tjierefore » J, 
we have — 

= f X 3 sa 2 inches. 

Therefore the apparent distance of the bubble from the eye *8 + 2 
= 10 inches. 

4. A gold-fish globe of 6 inches radius is filled with water. De- 

termine the apparent position of « point inside the globe, 4 inches 
from its surface, when seen by an eye looking along the radius of 
the globe. • 

Here, the surface at whicli refraction ta||||;$place is spherical 
and, neglecting the action of the glass of the globe, we have— 



and /X * I (water to air) 
w = 4 inches 
r =r 6 inclujs 

V is required. 

It’ *“4 “’ 24 '“ 24 ‘ 

20v*72. 

V = 3*6 indies. 

That is, the apparent position of the point is inside the globe on 
the radius passing through its reNl position, and 3*0 inches from 
the surface. 

5. A piece of plate glass, 6 inches thick (refractive index 1*6), Is 
placed between the eye and object. Find what alteration will 
take place in the apparent distance of the object from the eye. 

6. Find the relative index of refraction from Canada balsam to 
air. (Refer to the table of refractive indices for data.) 

7. Ti\|B sine of the critical angle for two media is f . What is the 
index of refraction f rop the rarer to the denser of the two f 
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S, Find the absolute refractive index of carbon disulphide, given 
that tbe relative index of refraction from carbon disulpnide to glass 
is 0% and the absolute refractive index of glass is 1*512. 

9. If a ray of light passes from one medium to a second, making 
the angle of incidence « 46®, and the angle of refraction equal to 
30®, show that the refractive index for the media is a/2. 

10. The critical angle of a given medium is 60®. What is its 
refractive index ? 

Note.— When the critical angle or the refractive index of any 
medium is referred to simply, it must be understood that the other 
medium involved is vacuum. 

11. A vessel, 6 inches deep, is filled with alcohol. What is the 
apparent depth of the liquid ? 

12. The refractive index of water is 1*33, and the velocity of light 

in air is 300,000,000 metres per secoiid. Find the velocity of light 
in water. •" 

13. A imall air bubble in a sphere of glass, 4 Inches in diameter, 
appears, when looked at so that the bubble and the centre of the 
Inhere are in a line with the ey^, to be 1 inch from the surface. 
What is its true distance from the surface? (/* =*= 1*6.) 

14. A small air bubble fit the centre of a glass sphere is seen from 
a point outside the sphere. What is the apparent position of the 
bubble ? Explain. 

15. A brass sphere of 2 cm. radius is surrounded by a glass shell 
of 6 cm. external radius. What is the apparent thickness of this 
shell? 

16. A'block of transparent jelly of refractive index 1*33 is bounded 
on one side by part of the convex surface of a sphere of radius 8 
millimetres. Mnd the position of the principal focus within the 
mass of the material. 

17. Draw three parallel straight lines, an inch apart, in the plane 
of the paper to represent rays of light incident upon a glass sphere 
of radius 2 inches, with its centre upon the last of the series, and 
trace, by a geometrical construction, the paths of the refracted rays 
within and beyond the sphere, (/i of glass » 1*5.) 

18. In an experiment, as dedbribed in Exp. 11, the following 
readings were taken : — 

' values of i, 10® 3(y, 24® 24', 39® O', 68® O'. 

Corresponding values of r, 6 48 15 48 26 45 34 12 . 
Find the mean value of /a. 

19. In an experiment, as described in Exp.. 12, the following 
readings were taken : 

jp, « 3 • 06, jp'. « 2 • 05. - 2 -90, jp/ » 1 * 94.* 

find the, mean value of 
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20. Describe Wollaston's method for the determination of the 
index of retraction of liquids by means of total reflection. Ip an 
experiment with a certain liquid tlie angfular distance between the 
two positions of extinction was 97® C. Find jn, and the liquid. 

21. Explain the quivery appearance seen above hot rooks or 
byicks, and the streaky appearance of water in which ice, sugar, 
or acid is being dissolved. 

22. A piece of a colourless mineral is dropped into a colourless 
liquid; the mineral is invisible in the liquid. How are the 
refractive indices of the liquid and of the mineral related ? 

23. A hollow watertight prism containing air, with flat glass sides, 
is immersed in a glass tank full of water. Draw and explain a 
diagram showing the path of a ray of light passing through the 
water and the prism. 

24. Light ino|/lent at an angle of 60® on one face of an equilateral 
glass prism is deviated 30® at the first face. Draw a diagram show- 
ing the path of the rays through and out of the prism, and find the 
retractive index of the glass. 

25. Explain by the aid of a diagram what occurs u hen light is 
incident on a glass plate. Explain why a transparent substance 
such as glass is opaque when finely powdered 

26. If you hold a glass of water with a spoon in it a little above 
the level of the eye, and look upwards at the under surface of the 
water, you will find that you are unable to see that part of the 
spoon which is above the water. Explain this. 

27. A ray of light passes from alcohol to a* parallel plate of 
Iceland spar 1 in. thick, and then into air. The ray is incident on 
the Iceland spar at 46®. Make a scale drawing showing the exact 
path of the ray. The index of reiiaction of Iceland spar is J, and of 
alcohol 
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REFRACTION THROUGH PRISMS AND LENSES. 

72* In this .chapter we shall not consider dispersion, and 
must therefore be understood to deal with the refraction of 
i*a 7 sand pencils of light q/* definite wave-hngtL, said therefore 
of defimte refractive index and colour. Such light is some- 
times referred to as monochromatic or homogeneous light, 
and is conveniently obtained, «of a yellow colour, from a flame 
coloured by the presence of a salt of sodium (as in Fig. 68). 


Prisms. 

73* Prisms. From an optical point of view, a prism is 
any portion of* a medium lying between two plane faces 
inclined to each other at any angle. The line of inter- 
section of these faces is known as the edge of the prism, 
and a section of the prism at any point in its length, 
perpendicular to this edge, is call^ a principal section. 
The refracting angle of the prism is the angle between its 
faces, as measured by the corresponding plane angle of the 
principal section. The prisms generally used for experi- 
ments are triangular prisms^ in the geometrical sense of the 
term. The principal sections of such prisms are equilateral, 
isesoeles, or scalene triangles, according to the purpose for 
which the prism is intended. When the section is equilateral 
the angle at each edge is equal to 60% and thus there is no 
gain in having three edges ; with an isosceles section there 
are two different angles available, and with a scalene 
section the angle at each ed^e is different, and ‘thus the 
prism is equivalent to three pnsms considered in the optical 

IM 
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74. Befraction through a prism. In dealing with refra^ 
tion through a prism, we shall consider only the case where 
the plane of incidence and refraction is coincident’with a 
principal section of the prism. 

Let ABO (Fig. 82) represent the principal section of a 
prism, and BAG the refracting angle considered ; then, if 
the material of the prism be of higher refractive power than 
the external medium, a ray EN incident on the face AO, 
at N, is bent towai'ds the normal on entering the prism, 
and, taking the course N N', is incident on the face A B at 


A 



N', where it is bent away fiom the normaj, and leaves the 
prism by the path N' IV, 

The ray EK is thus, after refraction thiough the prism, 
deviated from its original direction E N, and dually travels 
along N' E'. The deviation, as in Art. 61, is evidently 
measured by the angle roN'; its magnitude is found to 
depend on the path of the ray through the prism, but its 
direction is always away from the refracting edge, ^hera 
is one position for which this d eviat ion i s ftjtfflpTOTOg 
wTiSilE^prism & sp placed thjjjll iinncl^ ^d emergent 
myE make’ eoiml anyl^ with^^ ^ at their resj^c^e 

fa^3 hw thV jevStloa. n miniTnnm, pij tTia pnpp IH 
^d to OB in th e jg^tion of minimum de^||l(n|. This can 
IBe ]prov^1EE5)reti<SIfy f but as the proof is beyond the 
scope of this work, we must, for the present, consider it as 
a fact eeytablished by experiment. Art. 76.) 

The minimum deviation produced by any prism depends 
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on the angle of the prism and the refractive index of its 
material relative to the external medium. We shall now 
proceed to establish an important relation between these 
quantities. In Fig. 82 let <f> and <!> denote the angles 
of incidence and refraction at N, and ij/ and ^ the corre- 
sponding angles at N'.* 

Then, if D denote the deviation produced, we have — 

B as r 0 N' * 0 N N' + N' N. (Enc. i. 32). 

« - <P') + (^ - fy [Cp. Art. 61, Formula (5).] 

/. D « 0 4 0 - (0' + 0')- (1)* 

But, since the angle contained between any two lines is 
equal to that contained by lines perpendicular to them, we 
have, if A denote the angle of thb prism — 
w 7w N' = B A C ■= A. 

But M 7W N' sa 0' -f 0'. (Euo. i. 32.) 

... A « (0' + f ). (2). 

Substituting this value of + 0') in (1), wo get — 

•D - 0 + 0 - A. (3). 

Now, when the prism is in the position of minimum 
deviation, the ray passes symmetrically through the prism, 
and we must therefore have and 0' = 0'. 

Therefore, frcra (8) — 

D-20-A. (4). 

And from (2) - 

2 0' = A. .-.0'=^. (5). 

But, if ft denote the refractive index of the material of 
the prism, relative to the external medium, then — 

•sin 0 

a = X-, 

sin 0' 

^Therefore, substituting from (4) and (5), we have — 

. sin HP + A) .j, 

sin J A ‘ ^ ^ 

* At N' the angle N N' m is the angle of Incidence ; but, for the 
sake of symmetiy with 0', it is here denoted by 0^ and not by 0. 
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This result, in connection with refraction through a prism 
in the position of minimum deviation, is of great pj^actical 
importance. 

When the angle of the prism is small, a very convenient 
expression for D may be obtained from the formula just 
established. Thus we have — 

^ sin |(D + A) 
bin 4 A 

Now, if D and A be so small that the angles ^ (D + A) 
and jj A may be considered as approximately equal to the 
sines of these angles, w(" have — 

D-(m-1)A. (2). 

75. Conjugate foci in the case of refraction through a 
prism in the position of minimum deviation. It is a general 
law that, when any quantity ts passing through its maxi- 
mum or minimum value, a small change in the variable 
concerned produces very little effect on the magnitude of 
the quantity itself. For example, the magnitude of the 
deviation produced by refraction through a prism depends 
upon the path of the rays; but when the prism is in the 
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position of minimum deviation, any small change in the path 
produces but little change in the magnitude of the deviatiSn. 
Hence, for rays passing through a prism, by paths near 
to that of minimum deviation, the deviation which each 
undergoes is practically the same, and very nearly equal to 
the minimum value. 

Heqce; if a small pencil of rays coming from F (Kg. 88) 
be incident on a prism at such an angle that the axis passisii 
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along the path of minimum deviation; then all the rays 
will be^ deviated to an approximately equal extent, and will 
therefore, on emergence, be inclined to one another at nearly 
the same angle as before incidence. Hence, if produced 
backwards, the rays of the pencil appear to come from a 
point F' such that F'O = FO. Similarly, if we imagine 
the path of the pencil to be reversed, we see that a con- 
vergent pencil having its focus at F would, after refraction 
through the prism, converge to the point F. 

F and F are thus conjugate foci ; and, if the pencil be 
incident near the refracting edge of a prism of small angle, 
placed in the position of minimum deviation for the axis of 
the pencil, we may neglect the thickness of the prism, and 
state that conjugate foci are on the same side of the prism 
and equidistant from its edge. 

It follows, from what has been said above that, if an object 
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76* Praetieal iUuitratioa of minimiim deviation. Sxp. 15. Take a 

prism, P (Figl 86), and cut out a circular piece of cardboard, 0, so 
that when the prism is mounted on it its edges stand vertically o^er 
the circumference of the disc. Stick P to C by means of soft wax. 
Fasten a piece of cartridge (drawing) paper to a board and in the 
middle of the sheet describe a circle of the same size as 0. ^ule a 
straight line B D across the paper and erect two pins at B and D. 
Place P and C in position, one face of P being nearly normal to B D. 
Look through the prism from the other side and erect two pins 
E, and F, in the paper on the same side of the eye, so that 
B,, Fj, and the images of B and D appear in a straight line. The 
images of B and D will appear a trifle indistinct and coloured, and 
the alignment must be effected by means of their centres. Test the 
observation by placing the eye beyond B and looking along B D Ej F,. 
Mark the position of A on tlie paper with a peilcil point 1, 
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remove E, F,, and rule in the line E, F,. Still keeping 0 exactly 
over the pencilled circle, turn it around so that A moves a little to 
the right. Repeat the observations. Denote the new position of A, 
E, and F, by 2, E, and F, respectively. Repeat for several positions 
of A until the angle of incidence is large and the images of the pins 
very indistinct. It will be found that as P is turned around, the 
line of pins on the eye side of the prism moves up to a position E F 
and then retreats. Remove the prism and card. Mark in the 
position of the prism which gave E F, produce B D, F B to meet 
the prism faces and show that the aSigle of incidence is equal to the 
angle .of emergence. Now measure the angle between the proionga^ 
tion of B D and E P. It is equal to the D of Art. 74. Measure ine 
angle A of the prism by a protractor and find the refractive index 
of the material composing the prism by means of the formula 




sin 


D + A 
2 
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77. Assuming that experiment proves that there is only 
one position of the prism with regard to the incident beam 
which' makes the deviation a minimum, it is easy to show 
theoretically that this position occurs when the incident 
and emergent rays occupy symmetrical positions with 
respect to the prism. For if the incident beam AB 
(Fig, 86) is fixed in direction, and the position of the 
prism M is such as to make the deviation of the ray 
A BCD a minimum when the angles of incidence and 
emergence are ^ and if/ respectively, ^ and ^ being unequal 




to each other,, then also will the deviation be a minimum 
when the angles of incidence are respectively if/ and </>. Sc 
that there are two positions of the prism, namely, M and 
M', which render the deviation a minimum. Exp. 15. 
shows this to be false, and it will be noted that the two cases 
only merge into one when ^ and ^ are equal to each other. 

The following is an approximate theoretical proof : It is easy to 
prove that an angle increases faster than its sine does (a glance at a 
table of sines will show this). From this it follows that as an angle 
of inoidence increases, the angle of refraction also increases but at a 
lesser rate ; and therefore thatl^be angle of deviation increases (of. 
Art. 61). Consider now a ray passing symmetrically through a prism 
hi In Fig. 82 For this ray ^ ^ and 0' = Now suppose 

another ray ps^sses for which 0' is slightly increased. Since 
ss A, ^ will decrease by an equal amount. will increase and ^ 
will decrease, but 4> ^ will be greater than V' — the incre- 

ment of 0 will be greater than the decrement of hence the total 
deviation of this new ray which equals^ ^ — A will be greater than 
the deviation of the symmetrical ray. That is, the deviation is least 
when ^ as 
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Lenses. 

78. Lenses. A lens may be generally defined • as 'a 
portion of a medium enclosed between two surfaces of 
definite geometrical form and having a common normal. 
Usually these surfaces are portions of spheres or plane 
surfaces, and the medium most generally employed is glass 
Lenses of this form may be coribideieJ as tolids of revolu 
tion. For example, if any one of the sections sho\\n in 
Figs. 87 and 88 be supposed to revolve lound a central 
horizontal axis in the plane of the paper, the solid de- 
scribed by such revolution determines the form of the lens 
corresponding to that secticyi. 

It is usual ta divide lenses into two classes : — 

1. Convex lenses (Fig. 87). Of 
these there aro tbiee chief foPms — 

(а) Double convex. 

(б) Tlano-convex. 

(c) Concavo -•convex [converging 

meniscus]. 

The distinguishing characteiistic 
of these lenses is that they are thicker 
at the centre than at tl\£ edges, 

2. Concave lenses (Fig. 88). Cor- 
lespouding to the thice forms of 

(0 convex lenses we have - 
(a) Double concave. 

(6) Plano-concave. 

(c) Con vexo concave [diverg- 
ing meniscus]. 

The distingui&hing charac- 
teristic of this class is that the* 
lenses ore thinner at the centre 
than at the edges. 

The action of any of these 
forms of lenses on a pencil 
of rays passing through them 
depends on the refractive in- 
dex of the medium of which 
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they are mad6| relative to the surrounding medium. 
Usually we have to deal with glass lenses surrounded by air, 
that 18 , the medium of the lens is of higher refractiv»' 
power than the surrounding medium. In this case, convex 
lenses cause the rays of a pencil to become more convergent, 
or less divergent after passing through them, and for this 
.reason are sometimes called converging lenses. Similarly, 
concave lenses are called diverging lenses because the rays 
of a pencil are always more divergent or less convergent 
after refraction through them than before.* 

This action of convex and concave lenses may be explained 
in the following way. The section of a double convex lens 
may be considered as rather similar to that of two prisms 
placed base to base as in Fig. 89. Consider the rays P A 
and P B incident on the prisms at A and B. As explained 
in Art. 74, these rays are deviated away from the edges of 
the prisms on which they Are incident, and are thus less 



divergent after refraction. The path of the rays P A and 
PB, after passing through *the lens, depends on the magni- 
tude of the deviation produced ; .they may either diverge 
from F, run parallel, or, if the deviation be sufficiently 
great, converge to a point, F'. 

Similarly, the section of a double concave lens may be 

* When the refractive index of the substance of the lens is less 
than that of the surrounding medium, then a convex fens acts as a 
Hviffling lens, and a coneexe lens as a converging lens. 
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considered as rather similar to that of the two prisms placed 
apex to apex, as in Fig. 90. In this case the rays P^A and 
P B are refracted away from the edges of the prisms, that 
is, from the centre of the lens, and, after refraction, appear 
to diverge from the point P' ; the rays are thus more 
divergent after passing through the lens than before. 

In the case of the prisms shown in Figs. 89 and 90, the 
positions of P' and P" will depend on the positions of A and 
B, but in the case of a lens, owing to the curvature of the 
surface, all rays coming from P would, after refraction, pass 



through the same point. When this is accurately the case 
the curvatures of the surfaces of the lens are specially 
adapted to the existing conditions, and the lens is said to be 
aplanatio ; but, for ordinary lenses, with spherical or plane 
surfaces, this is only approximately the case, and the defect 
resulting from this want of accuracy is known as spherical 
ahermtion* {See Art. 90.) , 

A lens, being a solid of revolution, is symmetrical about 
its centre, and hence all sections passing through the axis 
of revolution are similar. It thus follows, that what has 

♦ When the surfaces of the lenses are only very small portions of 
spherical surfaces, spherical aberration is almost negligible, and the 
lens is, for all practical purposes, aplaruUie, 
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teen explained above, for one bection, is true for all similar 
sections, and consequently, if a fencil of light, diverging 
from P, be refracted through a lens, all the rays are sym- 
metrically deviated, and, after refraction, pass through the 
same point. 

79. Influence of curvature of surfaces of lens on 
deviation. Consider the refi action of the rays Pa6F 
and PcdP' through the lens L (Fig. 91). It is evident 
from the figure that, in order that the rays may pass 


/ 



through F, the deviation of P a 6 F must bo greater than 
that of P c d P'. At a and h draw tangent planes to the 
surfaces of the lens meeting in e, and at c and d draw 
tangent planes meeting in f. Now the deviation in the 
case of the ray P a 6 F is thdt due to the prism of refracting 
ai^le a e 6, and the deviation for the ray P c d F is that 
due to a prism of angle c fd. But, when the angle of the 
prism is small, the deviation produced is approximately 

! >ropertional to the angle of the prism (Art. 74). . There- 
ore, in this case the deviation for the ray Pa6F is 
greater than that for PedP, and thus it is possible for 
both rays to pass through F. 
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80 . Deflnitioiis. iThe principal axia of a lens ooinoide? 
with its asis of revolution, and when the surfiEices of the 
lens are spherical, passes through the centres of cuiVature 
of these surfaces. When one surface is plane, and the 
other spherical, the axis passes through the centre of 
curvature of the spherical surface and is normal to the 
plane surface. The optical centre of a lens is that pointy 
on tha principal axisy through which pass all rays, or, in 
certain cases, the p7*olongations of the portion of such rays 
which is within the lens, having their paths parallel before 
and after refraction through the lens. 

Let 0 and C' (Fig. 92) be the centres of the two spherical 



surfaces of a lens. Draw any radius C A, and through 0' 
draw the radius C'B parallel toCA. Join AB cutting 
the principal axis 0 0' in 0. Then 0 la the optical centre 
of the lens. For, if A B represent the path, through ths 
lens, of the ray BABE', then, by construction, A B makes 
equal angles, at A and B, with the normals 0 A and O'B, 
and consequently the incident and emergent rays R A and 
B R' also make equal angles with these normals and aro 
therefore parallel.^ This is true for omy two parallel radii, 
0 A and O'B, and hence 0 is the optical centre of the lens 

♦ The action of the lens is, under the conditions considered, 
exactly similar to that of a plate enclosed by the parallel tangent 
planes at.A and B (cf. Art. 58). 


10 
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as <{eflned above. To determine the position of 0, we have, 
feom t|ie triangles AO 0 and BOO' that — 

0 0 OA CA' 

0^ *“ “ OTB'- 

. CA' _C 0_0A'-0 0 OA' 

• * “ 0^5 " & B'-C'O “ 0 B'* 

That is, the point 0 divides the thickness of the lens into 
segments proportional to the radii of curvature of the 
adjacent faces. In the case of double convex and double 
concave lenses the optical centre lies in the interior of the 
lens; in plano-convex and plano-concave lenses it is situated 
on the spherical surfaces, and in a converging or diverging 
meniscus it lies outside the lens on the same side as the 
surface of lesser radius of curvature. 

Altjiough the incident and emergent rays B A and B B! 
are parallel, they are not in the same straight line ; but, 
if the thickness of the lens J3e small, the displacement pro- 
duced is negligible, and it may be staM that all rays passing 
through the optical centre of the lens suffer no deviation, 
but continue their course in the same straight line. 

Any line, other than the principal axis, passing through 
the optical centre is called a secomia/ry axis. 

When a pamllel pencil of light is incident on a lens in a 
direction parallel to the principal axis of the lens, the rays, 
after refraction through the lens, converge to or diverge 
from a point on the principal axis. This point is the 
principal focus of the lens, and its distance from the 
optical centre of the lens, measured along the principal 
axis, is the focal length of the lens. 

In the case of a convex lens, of any form, the parallel 
pencil of rays is made to converge to a point F (Fig. 93) on 
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the other side of the lens. A concave lens (Eig. 94) causes 
the rays to'diverge from a point F on the same side of ^he 
lens as the incident pencil. In both cases 0 F repiesents 



the focal leng\;h, and, applying the usual convention of 
sign, it is evident from Figs. 93 and 94 that, if distances be 
measured from 0, the focal length of a concave lens is 
positive and that of a convex A&m 7iegative. 

If the pencil of parallel light is iijcident in a direction 
parallel to a secondary axis A Fi, inclined at a small angle 



jo the principal axis (Fig. 95), the focus of the refracted 
pencil is on the secondary axia at a point Fi, such that 
0 Fi }s approximately equal to the focal length of the lens. 

81. Path of a ray through a lens. Let 0 and 0' 
(Fig. 96) denote the centres of curvature of the faces of 
the lens AB, and let the ray PA be incident on the 
surface of the lens at A. Join C A and produce it to N ; 
then O^lSf is the normal at A, and the ray PA is refracted 
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mto the lens along A B, making an angle BAG with the 
no^al such that — 

sin P A N 
sin B A 0 “ ^ 

where /n denotes the refractive index of the material of the 
lens relative to the surrounding medium. Similarly at 
the ray is incident on the second face of the lens and is 
refracted along B F' in such a direction that 
sin F B W 
BinO'BA "'*■ 

To determine, by this construction, the path of any given 
ray would be a very troublesome process ; and it is therefore 



important to notice two particular cases in which the path 
is readily determined. 

1. Any ray passing through the optical centre * of a lens 
continues its course in the same straight line (Art. 80). 

2. When the incident ray is parallel to the principal axis, 
the refracted ray passes through the principal focus (Art. 80). 

82. Cozyugate fooi.t When rays of light, diverging 
from a point P (Fig. 97) on the principal axis of a lens, are 
refracted through the lens, the focus of the refracted pencil 

^ For ordinary purposes the* optical centre of a thin lens may be 
ifkesi at any point in its thioloiess, on the principal azia 

t It should be noticed that if the conjugate foci are both real 
the image of an object placed at either focus is formed at the other ; 
but if one of the foci is virtual then the image of an object placed 
at that focus is not formed at the other, but rays converging to the 
virtual focus are refracted through the conjugate focus. That is, 
the optical relation between conjugate foci assumes reversal of the 
direction of the light. 


REFRACTION THROtTOH PRIgMS AND LENSES, 149 

is another point F, also on the principal axis. These points, 
P and F, are call^ conjugate fod. When the*poiijt E is 
on any secondary axis inclined at a small angle to the 
prindpai euvis, the point P' is also on that secondary axis ; 
but it is important to notice that secondary axes have not 
the same relation to lenses as they have to mirrors. In the 
case of mirrors, the secondary axes have exactly the same 
geometrical relation to the spherical reflecting surface as 
the principal axis, but for lenses this is not the case, and 
refraction along secondary axes involves several compli- 



cations which we cannot now consider. When, however, 
the angle between a secondary axis and the principal axis 
is smM the laws applicable to refraction along the 
principal axis may be applied with approximately correct 
results, 

The relation between the distances of conjugate foci from 
Che centre of the lens, and the focal length of the lens, will 
be deduced in a later Article by a simple geometrical methed. 
We shall now, however, establish a relation between these 
distances by the application of the formula — 

-i 

i « r ' 


deduced in Art. 69. 
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This formula applies to refraction at a Hngle spherical 
surface, and jjl represents the relative index of refraction 
from one medium to the other in the direction taken by the 
rays of light. Let acbd (Eig. 98) represent a lens and 
let r denote the radius qf curvature of the face ad, and s 
the radius of curvature of the face e b. Then, considering 


O/C 



first refraction at the face a d, the pencil of rays diverging 
from Pi appears, aft^r refraction, to come from p, and if 
Opi^ be denoted hj u, Op by and the index of refraction 
from air into the lens by /a, we have— 


M 1 

V* u r ' 


( 1 ) 


After this first refraction at the face a d, the pencil diverg- 
ing from p may be supposed to be incident on the face c b 
and to suffer refraction at that surface from the lens into the 
air, the focus of the emergent rays being at p\ Now, if 
p denote the index of refraction from air into the lens, 
then 1/p denotes the index of refraction from the lens into 
air (Art, 63). Hence, if Op* be denoted by v, we have — 


I 


V 



i. - ii «. 


( 2 ) 


* In this investigation the thickness of the lens is supposed to be 
n^ligibly small compared with u and v, so that 0 may be taken as 
a point on either of the spherical surfaces a d and o 
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Adding (he equations (1) and (2), we get — 

V-¥’0.-i)(7-7)- (»> 

This establishes a relation between u and v, the distances 
of the conjugate foci from the lens, and the radii of the 
spherical surfaces. 

If w be infinite, that is, if the incidental rays are parallel, 
then, by Art. 80, the emergent pencil passes through the 
principal focus^ and v becomes equal to the focal hngth of 
the lens. Therefore, if the focal length be denoted by f 
we have — 


But — 



QO 


(Art. S6, 3) 



Substituting this value of 



V n 7 ‘ 


in (3) we get 
(4) 


which is the most important fonniila rclati!ig to lenses. 

For the sake of clearness the details of Fig. 98 have been 
so chosen that all the distances involved are pasitive,* but 
the different formulae established in this article may, if due 
regard be paid to sign, be obtained in the same form for all 
cases of refraction through a lens. The general formula, 


J, _ 1 ^ 

V tt / 

is therefore applicable to all ^ses, and, if F be considered 
as t;he image of P, establishes a relation between the dis- 
tances of the object and image from the centre of the lens 
and the focal length of the lens. 

To trace the path of P' along the principal axis of the 
lens as P moves from an infinite distance on one side of the 


* Wherever reference is made to sign it must be understood that 
the convention explained in Art, 40 is the one adopted. 



m 
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lens to an infinite distance on the other side is best done 
as follows :-r- 

The formula ^ ^ = -4- may be treated as in Art. 41. 

V u f ^ 

Multiplying up, uf — vf uv. 

/* + «/- vf - uv =/» 

(y + t4)(/- V) «/*. 

Let X and vf denote the distances of object, B, and 
image, B', measured from F' and P respectively, the 
ordinary convention being used. , Then, using Pig. 105, 

a; a BF a n +/, a:' « P B' « - (/ — v), and .\ xui =■ -/*. 

Note that /* bein^ positive, x and x! always are of different 
sign; t.e., the ob]ect is on the other side of F that the 
image is of P. 

This leads to the following results : — 

L — ^For Convex lenses (Pigs. 93 and 99). 

1. When P is at infinity, that is, 
when the incident rays are parallel to 
the principal axis, F is at the prin- 
cipal focus P (i.e., when aj = + oo, 
= 0) (Pig. 93). 

2. When P is in front of the lens at a distance numeri- 
cally equal to twice the focal length, then F is an equal 
dis^ce behind the lens (i.e., » = — /, a/ = -f/). 

3. When P is at P', that is, when the incident rays 
diverge from a point in fronj) of the lens, and at a distance 
from its centre equal to the focal length, then F is at 
infinity on the other side of the lens, that is, the refracted 
raysare parallel tothe principal axis (aj=a,a?'=: oo)(Pig.99). 

4. When P is at 0, F is also at 0 (i.e.,»= +/, a!= — /). 

6. When P is at P, that is, when the incident rays 
converge to the principal focus l^hind the lens, then F is 
halfway between 0 and P (is., when 0 }= + Q/; 09= -<^//2). 



lig. 99. 
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6. When P is at infinity behind the lens, the incident 
rays are parallel, and, as in (1), F is at P oo, 

t ! = o). 

In oases such as 6 and 6, when the inoident rays converge towards 
a TOint P and do not actually pass through it, the point of oon* 
vergenoe oan be described as a virtual object. Similar definitions 
apply to mirrors. Thus in Art. 26 a plane mirror produces a real 
image of a virtual object. See also Art. 41. 

n. — ^Eor Concave lenses (Pigs. 94 and 100). 

1. When P is at infinity, that is, when the incident 
light is parallel, P' is at P (i.e., when aj = +. oo, a/ = o) 
(Pig. 94). 



2. When P is at P, then F is midway between P and O 
when aj = 2/, a/ = — //2). 

3. When P is at 0, P' is also at 0 (aj = +/, aj' = — /). 

4. When P is at F', that is, when the incident rays con- 
verge to a point behind the lens at a distance from its 
centre equal to the focal length*of the lens, then P' is at 
infinity (i.e. when aj = o, aj' = — oo). 

5. When P is at a distance behind the lens numerically 
equal to twice the focal length, P' is the same distance in 
front of the lens (i.e., x = — a/ = +/). 

6. When P is at infinitjr behind the lens the incident 
rays are parallel, and, as m 1, F is at P (is., a? = — oo, 
^ = o): 
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Of the aboye results L, 1, 3, 6 and IL, 1, 4, 6 are summed 
up in the statement that, when a parallel pencil of light is 
incident on a lens, the focus of the refracted pencil is at the 
principal focus of the lens. I., 4 and 11., 3 are evident and 
easily remembered. I., 2, 5 and II., 2, S may be deduced 

11 1 

from the general formula, ==-=-, and should be 

V u f 

carefully remembered. 

General Buie. When an image is formed by refraction 
through a lens, any motion of the object along the principal 
axis produces a corresponding motion of the image in the 
same direction along ^e axis. ^ 

The application of this rule is simple.^ For example, 
from I., 1 and 3, we see that, as P moves from infinity 
to P' moves in the same direction from P to infinity 
behind the lens. Similarly from 11., 2 and 3, as P moves 
from P to 0, F moves in the same direction from h to 0. 


83. When drawing to scale diagrams of lenses of known 
focal lengths it is not sufficient, as in the case of mirrors, 
to know the curvatures of its faces, since the focal length 
depends upon the refractive index of the lens as well as upon 
these curvatufes. But in the case of lenses of crovm glass 
there is a simple rule which expresses with a near approach 
to accuracy the relation of focal length to curvature. 
The refractive index of crown glass is very nearly equal 
to 1*5 (Art. 63), therefore on substitution in the general 
formula — 


we obtain — 




(Art. 82. 3.) 


In the case of a double convex lens whose faces are of 
the same curvature s = — r and therefore — 


1 
2 r 



* ^ means ** is approximately equal to.’* 
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that is — 


or the principal focus of the lens is approximately at the 



centre of a sphere of which the front surface of tho lens 
forms a part (Fig. 101). 


In the case of a plano-convex lens ^ 1 . ~ or / 2r ; 

that is, if the curved surface is in front, the focus is on the 
circumference of the sphere of which tlio front surface is 



Pig. 102. 


part (Fig. 102). Similar relaftons exist for double equi- 
concave and for plano-concave lenses. 

84. General construction for images formed by lenses. 
Let AB (Figs. 103 and 104) represent an object placed 
on the principal axis of a lens. To determine the position 
of the image of the point A, it will be sufficient to determine 
the point of intersection, after refraction through the lens 
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of any two rays originally (Hverging'from A. We have 
seen, ip, Art. 81, that the path of a ray is readily determined 

when it is incident parallel to the principal axis, or passes 



Fig 10&. 


throu|;h the centre of the lens. Let us consider, then, 
rays coming from A (Figs. 103 and 104) along both these 
paths. The ray A a, incident parallel to the principal axis, 
is refracted along a a' in a direction passing through F, 
the principal focus *of the lens. The ray A 0 passing 
through 0, the centre of the lens, suffers no deviation, but 
continues its course along the straight line A 0 The two 
refracted rays a a' and 0 a" actually intersect (Fig. 103), or 
appear to intersect (Fig. 104) at A', which is, therefore. 



the image of A. Similarly, the image of B is formed at B', 
and the images of all points between A and*B being 
assumed to lie between A' and B', the complete* image 
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A' B' is determined. ’ When the rays really intersect, as in' 
Fig. 103, the image formed is said to be real, but when they 
only apparently intersect, as in Fig. 104, the image is virtiutl. 
A real image is always formed on the side of the lens 
opposite to that on which the object is placed, and may be 
received on a screen, or seen by an eye ♦ so placed as to 
receive ike rays involved in its formation. A virtual image, 
having no real existence, cannot be said to be formed any- 
where, but it is always seen on the side from which the 
light comes by an eye placed on the opposite side of the lens, 
A virtual image cannot be received on a screen, 

85. Belative position of ifiage and object. The formula, 

1 - 

V u f' 

deduced for conjugate foci, evidently establishes a relation 
between the distances of the object and image from the 
centre of the lens ; for an image is an assemblage of foci, 



conjugate to corresponding points on the object. This 
relation may be proved geometrically in the foUowing way. 
Let A B and A' B' (Fig. 105) represent respectively an 

* The eye must be at not less than the distance of dlstinot vision 
fxom the image. 
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^object and its image formed by the lens L, The construc- 
tion for the image is identical with that explained above, 
with the addition of a ray from A through F which after 
refraction at the lens travels parallel to the principal axis. 

IVom the triangles A! B' and a 0 P we have— 


^ B' P 


(1) (Euc. vi. 4.) 


Similarly, from the triangles A' B' 0 and A B 0 we have- 


AB* OB^ 

A B “OB‘ 

But— ^ ABatfO. 

•• OB' 

Therefore, from (1) and (2) we have — 

B^g . OB' 

0 P'’0B’ 

If now, OB be denoted by OB'byv; OPby/; and the 
usual sign convention be observed, we get — 

/— V V 
/ “ 

* — w » = vf, 

/. uf vf ^ uv. 

Therefore, dividing hy ufv^ we get — 

i- i» L. 

V f* 


The variation of the position of the image with that of 
the object may be traced by the same method as that 
adopted in Art. 82 for coirjugate foci. 

The following cases should be noted : — 

» 

I,— Convez lenses. 

1. A real object, at a distance from the lens greater 
than the focal length, has a real image, also at a chstance 
greater than the focal length, and it is inTmted. lig. 103 
Ulostrates this case; AB reprraents the object, andA'F 
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the image. The magnification is numerically greater than 
1 if the distance of object from mirror < twicp the focal 
length.^ 

2. I{ the object be real, and its distance be less than 
the focal length,* the image is on the same side of lens as 



Fig. X06. 

object, and is virtual, erect, and magnified. Fig. 106 shows 
this case. 

3. If the object be virtual, the image lies between the lens and 
the object, and its distance from the lens is less than the focal 
length.* It is real, eiect, and diminished. 

II.— Concave lenses. 

1. A real object always has a virtual erect imago, nearer 
lens than the object and diminished, and always nearer the 
lens than its focus. (Fig. 104 illustrates this case.) 

2. A virtual object, nearer the lens than the focal length, has a 
real, magnified, erect image, more distant than the object. (Fig. 104 
shows this case if the direction and the rays be reversed.) 

3. A virtual object further away than the focus on the negative 
side of the lens has a virtual invertjd image further from the lens 
than the focus on the positive side. 

I., 1, 2, 3 correspond respectively toll., 3, 2, 1. It should be nottfd 
that when the object is real, both lenses and mirrors fiorm images 
which are erect when virtual, and inverted when real. 


* In the§e cases the numerical value of the focal length is taken 
ue., the ^gn of / is not considered. 
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86. Selative size of image and object. The magnidca* 

tiQn produced by a lens is expressed by the ratio — 

^ object 

When the image is erect, the ratio is considered to be positive • 
when inverted, the ratio is taken as negative. In Fig 105, 
let A B represent the object and A' B' the image. 

1. From the triangles A 0 B, A' 0 B' we have — 

_ 9 ^' 

A B ” OB 
. Image v 
Object u * 

both sides of the equation being of negative sign in the 
upper figure. , 

2. From the triangles 0 F' a', B F' A we»have — 

a' O 0 ¥' O F' 

A B “ B F' ” 0 B ~ 0 F' 
but — a'0=»,A'B', 

a'B' of -/ 

* ‘ ITq ~ O B - O F u +f 

• / 

Object u+f> 

account being taken of the sign. 

3. From thcf triangles F B' A', F 0 a, we obtain — 

A'B' FB' FO-B'O 
O ““ F O “ F O ’ 
but — O = A B, 

. A'B' FO-B'O f-v , 

' * A B F O - / ' 

Image _ v— / 

Object 7~* 


Thus we have — 

«= 

Object 

These three relations 
the general relation 


may be very simply connected by 


V tt * /’ 

by eliminating either u or v. To prove 2 from 1, 'v must be 
emoninated. Multiplyingbothsidesofthec^uationbywweget — 
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• iia 1 + 

“ ^ f 

iL == . 

. “ II U-hf^ 

From this relation the relative sizes of image and object may 
be determined without finding the position of the image. 
Considering the relation — 

linage v 
Ob loot u 

the following results are readily deduced— ^ 

1. If V > w, the image > the object. 

2. If u = 2 ^,*the image = the object. 

3. If -y < V, the imago < the object. 

Applying those results to the general case L, 1, of Art. 85, 
we get three particular cases* according as the image is 
magnified equal to the object^ or dimhiished. In the second 
case, where the image is equal to the Object, wc have, for a 
convex lens, v = ~ and therefoic in the formula — 

1 _ 1 J. 

V n '' f 

we get — 

2 1 

-2/ 

That when the image formed by a convex lens is equal 
to the object, the distance of both image and object fiom 
the lens is equal to twice the focal length of the Ions, and 
therefore the distance between the object and the image is 
equal to four times the focal length of the lens. It may 
also readily be proved that this distance is the minimum 
distance between object and ima^e.* 

It may also be noted from I., 1, that in order to produce 
a magnified image the object must be placed at a distance 
from the lens numerically greater than the focal length 
but less than twice the focal length of the lens.* 

* Notice that in these paragraphs, as in many others where no 
confusion is likely to arise, on matters of sign, the sign convention 
of Art. 4Q is not obeyed* 


11 
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87. Ezereise. To construct the rays formed by refraction in a lens 
by which an image is seen by the eye. If the object be near the 
piinoif al axis the eye should be near the axis ; it will then receive 



rays which have penetrated the lens. Fig. 107 illustrates the case 
of a convex lens yielding a real imagfs. A B is the object, A' B' the 
image (found by Art. 84). To find the course of .the rays by which 
A is seen, join A* to the extremities of the pupil of the eye, then 
produce the lines so obtained backwards to cut the lens in aa and 
join a a to A, The rays by which A is seen are all included in the 



Fig. 108. 


incident pencil A a a. Similarly for B. Fig. 106 illustrates the case 
of a virtual image formed by a convex lens, and Fig. 108 the 
case of a virtual image formed by a concave lens. 

*88. Combination of lenses in contact. Let two thin 
lenses of focal lengths /i and /g be placed in contact. The 
problem is to determine the focal length of a single lens 
which is optically equivalent to this combination (Fig. 109). 

Imagine light from a point P, at a distance u from 0, 
the centre of the combination, ♦ to be incident first on the 
lens of focal length /i. Then, considering the action of this 
lens onljff the focus of the refracted pencil will be at a 

* The thickness of the lenses is supposed to be so small, compared 
with the other distances involved, that the centre of the combination 
may be taken at any point in their combined thickness. 
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iK}int, F| at a distance •d from the lens, such that we 


have— 

1 I 1 

( 1 ) 

But this refracted pencil passes through the second lens, 
and after doing so is refracted through another point at 
a distance v from the lens, such that — 

1 2 1 

"" r' * /a' (2) 

The combined action of the lenses is thus to cause a pencil 
diverging from P, at a distance u from the centre, to be 



Fig. 100. 


refracted through P", at a distance v from the centre. 
Therefore, if F be the focal length of the combination, we 
have— 

i _ 1 * 1 

V w * b'* 

Bub by adding (1) and (2) we get — 

i - ^ ^ 1 

0 % 

Therefore, from (3) and (1) we gct- 
1 1 1 


7 , " /; 


F “ /i t ■/,’ 

.-.F = 


(3) 




A 

that is, a single lens of focal lengtl^^^T- i* optically 

equivalent to two thin lenses in contact, ^mda£'«f($^l lengths 
fi and /j. When the positions of equivalent lens and the 
combinajtion axe the same the image produced by the 
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equivalent lens is produced in the same place and is of 
the same ^ize as that produced by the combination. 

*By ’’extending the problem to a number of thin lenses in 
contact we obtain — 


1 ^ 

F 




+ 


etc. = 


care being taken in actual work to give the proper signs 
to the numbers representing the several focal lengths. 


89. Power of a lens. The reciprocal of the focal length 
of a lens expressed in metres is called the power of a lens. 
The unit of power is that possessed by a lens of one metre 
focal length and is called the^ dioptrie. The power of a 
converging lens is considered positive, and that of a 
diverging-lens negative, so that the sign of the power is the 
reverse of that of the focal length.* The theorem proved in 
the last article may thus }>e expressed ; The power of a 
combination of lenses in contact is equal to the sum of 
the powers of the constituent lenses. 

90. Spherical aberration by refraction. In discussing 
the formation of foci and images we have only considered 



fig. no. 

c^bes in which the curvature of the faces of the lens is 
small. If the faces be greatly curved, rays diverging from 


* Sometimes^especlally by opticians— a convex lens is taken as 
nosittve and a concave lens as negative, in defiance of Art. 80. 
Btadente must be on^the lookout for this possible confusion; the 
context will sometimes reveal which kind of lens is meant 
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any point ip the obj^ are not all brought together at one 
conjugate focus, but those rays which pass furthest* from 
the centre of the lens have a focal distance shorter than 
that found by the rules we have learnt. This is shown in 
Pig. 110, where the marginal rays are seen to intersect 
beiore the central ones which cross at the principal focus P, 
This wandering of the intersections of the refracted rays 
from the focus is called aberration. (See also Art. 78.) 

Exp. 16. To illnstrtte the different focal length! of the central 
and marginal parte of a convex lens. Take a laige convex lens of 
a short focus and, covering the centre of the lens with a large circle 
of black paper, use it to throw an image of a candle flame on a 
screen. Then, without altering* the relative positions of candle, lens, 
and screen, replace the paper disc by a black paper ring which 
covers all the lens except a small central circle. The image of the 
flame will now be indistinct, and the screen will have to be moved 
further from the lens to make the image sharp. 

Since spherical curves are always employed, all lenses 
are subject to this defect in some degibe, but if the curva* 
ture be small, the defect is very slight. It may be reduced 
to any required degree by the use of diaphragms (Art. 46 ), 
which cover up more or less of the edge of the lens, exactly 
as in the case of curved mirroi*s, but obviously what is 
gained in definition by their use is lost in brilliancy. 

The aberration may also be largely dimiuLshed by the 
use of a plano-convex lens, instead of one which is double 
convex. The curved surface must face the rays which are 
the more nearly parallel to the axis. Each ray is now very 
nearly equally deviated at the two surfaces, and higher 
mathematics proves that under these conditions the 
aberration is a minimum. Note how this fact is utilised in 
the construction of optical instfuments (Figs. 185-188). 

The aberration produced by a lens may also be greatiy 
diminished by a suitable choice of the radii of curvature of 
the surfaces ; for instance, in the case of crown glass, for 
which fi = 1*6, the aberration produced by a double-convex 
lens of given focal length is a minimum when the radius of 
the second surface is six times that of the first surface. 
Such a lens is called a crossed lens. Formulm may be 
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obtained and used as a guide in this work, but in practice it 
is Jargely a question of repeated grinding and t^ing. 

91. Caustics by refraction. An inspection of Fig. 110 
will show that the intersection of the rays from different 
parts of the lens must give rise when the curvature is great 
to a luminous curved surface which is known as a red 
caustic ly r^ractiony just as we found concave mirrors to 
produce real caustics by reflection. 

The presence of a caustic surface affords the easiest 
method of illustrating spherical aberration to an audience. 
If the region to the right-hand side of the lens in Fig. 110 
is filled with smoke the caustic surface is rendered very 
apparent. 
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92. The following relations, obtained in the preceding chapter, 
may again be noticed : — 

1. Prisms. 


(1) 

,, _ i (D + A) 

sin 1 A 

(Art. 74.) 

(2) 

D =/. - 1) A. 

(Art. 74.) 

Formula (2) is approximately *true only when A is small, and is 
rigorously true oifly when A is infinitely small. It should, therefore, 
not be used in calculations except when A is small ; for example, less 
than 10®. 

2. Lenses. 


( 3 ) 


(Art. 82.) 

( 4 ) 

^ - J- « 1 

V u / * 

(Art. 82.) 

( 5 ) 

1 h 

Image v 

Object u* 

f 

^ +/• 

(Art. 86.) 


In the above formulas all distances are measnred from the centre of 
the lens, and the usual sign convention is adopted ; that is, distances 
measured from the centre of the lens, in a direction opposed to the 
incident light are considered positive, and distances measured in 
the same direction as the incident light are considered negative. 
In accordance with this convention the focal length (/I of a convex 
lens will be negative, and that of a^conoave lens positive. 

In applying the formulas the rules given in Art. 40 must be 
attended to. Of these (1) and (2) are so important, and their 
neglect so often leads to mistakes, that we shall again deal wTth 
them in their relation to the formulas here considered. 

(1) On substituting in any formula a numerical value for any of 
the symbols, the sign of the former most always be attached. For 
example, take the formula— 

1 i Ji 

V a * 

im 
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If the image of an object, placed 20 cm. from a lens, be formed at 
a point 40 cm. on the other dde of the lens^ then, to find /, we have — 
as 20, =s — 40 ; 

and ^ A _ J, . 

* ‘ - 40 20 “ / ’ 

»nd / = _ _ 131 cm. 

O 

that is the lens is convex, and its focal length is 13 J cm. 

(2) In applying a formula to determine one of the involved dis- 
tances, no sign must he given to the vnknowji distance. Thus, in the 
example given above, no sign is at first given to /, but the result, 
when worked out, shows it to be negative. 

In applying formulas (6«) and (5i), which express the relative size 
of image and object, the question of sign should be carefully attended 
to, for the interpretation of the result is simple and important. In 
these formulae, a positive result indicates that the* image is virtual 
and erect ; for the image and object are then on the same side of the 
lens. •Similarly, a negative result indicates that the image is real 
and inverted^ the image and object being then on opposite sides of 
the lens. (See Art. 86.) 


• ^ Examples V. 

^ 1. The refracting angle of a pi ism is 60°, and the minimum devia- 
tion produced in a pencil of monochromatic light is 4(f . Find the 
refractive index of the prism, given that sin 60° = *766. 

Here, applying— 

sm i A ’ 

we get— ^ sin | (60 + 40) _ sin 60 ^ j^G6 ^ ,.^3 

sin i (60) sin 30 | ~ ^ ' 

2. Find the focal length of a double-concave lens, the radii of 
curvature of its faces being respectively 25 cm. and 50 cm., and the 
refractive index of it.s material being 1*5, 

Here, in formula (3)- 


/* = - 


/he light to be incident 
l*6 , r = 25 cm., ^ - i 

■■■7- (4 4 ) 


we have, supposing the light to be incident on the more concave 
rage— 

fi = 1*5, r = 25 cm., ^ - 50 cm. 


1 3 

2 "^ 60 " 
334 cm. 


100 
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If we suppose the light' to be incident on the other face we get the 
same result ; thus, as before— 

= 1-5, r = 50 cm., « = - 25 cm. 

i = (1-5 - 1) fl + i'\ = JL. 

/ Vr,o ^ 25/ mo 

3. An object is placed 12 inches fiom a convex lens of 8 inches 
focal length. Find the position and nature of the image. 

Here, in formula (4), 

L ^ ^ 

V V~ f' 

we have v = 12 inchc'^, / =- - 8 inches {coni‘C,r Icn*?), and r is 
required — 

. 1 _ 1 ^ 1 

“ V 12 “ 

. 1 ^ _ 1 1 _ 1 

■ ' > ^ 12 ’ 21 ' 

r ~ —21 i laches. 

that is, the imaf;c is 21 inclics on the other side of the len«. 

Again, applying (iV), vvc ha\e - • 

Irnagc r -21 ^ , 

( >bjci t u 12" ' 

that is, the image is twice tlie size of the object, and is /ra/ and 
Inverted. • 

4. An object, 3 cm. long, i* jilaced 10 <‘m. from a e(meii\c Icn.s of 
20 cm. focal length. Find tin m/c and natinc of t lie image. Here, 
from (5/y) wo g“t - 

Jmnjic _ _ 2v> _ 2 

Object h if 10 ^ 2(» “ ;J ’ 

Length of iinae:t' 2 

3 cm. d 

Length of image = 2 cm., and tjie image is virtual and erect, 

A more usual, but Ic.ss direct method of working this question is, 
first to ’determine r, and thou to determine the size and nature of the 
image from formula {oa'). 

5. A concave lens whose focal length is 12 inches is placed on the 
axis of a concave mirror of 12 inches ladius at a distance of 6 inches 
from the mirror. An object is so placed that light from it passes 
through the lens, is reflected from the min*or, again pa.sses through 
the lens, and forms an inverted image coincident with the object 
itself, where must the object be placed ? 
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[In problems snob as this, where hj reflection and refraction the 
image of the object is made to coincide with the object itself^ the 
solution is easy, if we remember that rays diverging from a point in 
the object, on the principal awUt return to the same point, and there* 
fore travel to and fro by the same paths. Bat, if a ray, after reflection 
at a mirror, return along its incident path, it follows that it must be 
travelling alon^ a normal to the mirror,’] 

In this case we know that, after the first refraction through 
the lens, the rays of the refracted pencil— originally diveiging 
from a point in the object on the principal axis— are normd 
to the mirror, and therefore diverge from its centre of curva- 
ture. To find the position of the object we have therefore 
only to find a point on the principal axis such, that rays diverg- 
ing from this point appear, after refraction through the lens, to 
diverge from the centre of curvj^ture of the mirror. 

Hence, In the formnla, J- - JL - i, we have-t 

a j 

vmQ inches, / - 12 inches, and u is unknown. 

. 1 «i. 

• • 6 “ H 12 

/. M 12 inches. 

That is, the ol)jeot must be placed 12 inches from the lens on the 
side remote from the mirror. 


6 When a luminous point is placed on the principal axis of a 
convex lens (il^and at a distance a from it an image is formed 
10 inches from the lens on the other side, if a second lens {B) 
is placed close to A, the image is 16 inches off. Determine the 
focal length of the lens J9, and state whether it is concave or 

*^SiTaoUon of the lens B Is evidently to cause a pencil of rays, 
orieinaUy converging to a point P, 10 inches behind the lenses, to 
berame less convergent, and to converge to a point _P ,16 inches 
behind the lenses. Thus P and F are conjugate foci with respwt 
to the lens B, F being the image of P, and therefore, in the 
formula, ^ ^ ^ 

V ” « 7' 

we have « - - 10 Inches, e - - 16 inches, and/is nnknowh. 

1 


.1 11 + 

.-./-SO; 

that is, ttie lens is eotteave, and Its focal length is 80 inches.' 
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^ 7. Show that if the angle of a prism be greater than twice the 
critical angle for the medium of which it is composed, no ray can 
pass through it. * * 

8. The angle of a prism is 60®, and the refractive index of its 
material v'2. Show that the minimum deviation is 80®. 

A glass prism of refracting angle 6® is immersed in water ; find 
the approximate deviation produced in a ray of light for which 
the absolute refiactive indices of glass and water are respectively 
} and 

10. The minimum deviation produced by a hollow prism, filled 
with a certain liquid, is 30°; if the refracting angle of the prism is 
60°, what is the index of refraction of the liquid ? 

11. Show that when a ray of light is refracted through a prism, in 
the position of minimum deviation, the course of the ray in the prism 
is perpendicular to the line bisecting the angle of the prism. 

12. In order to determine the refractive index of a double convex 
lens, the radii of curvature of its surfaces were measured and found 
to be 80 cm. and 31 cm. respectively. Its focal length was also 
determined, and found to be 80*5 cm. Find the refractive index of 
the glass. 

13. Find the focal length of a plano-conVex lens, given that the 
radius of curvature of its convex surface is 60 cm., and that the 
refractive index of its material is 1*6. 

14. Prove that the focal length of a plano-concave glass lens is 

equal to twice the radius of the concave surface. ^ f.) 

16. A gas flame is at a distance of 6 feet from a wall. Where must 
a convex lens, of 1 ft. focal length, be placed in order to give a dis- 
tinct image of the flame on the wall 1 Prove your result. 

16. An object, 1 inch long, is placed at a distance of 1 foot from a 
convex lens of 10 inches focal length. Find the nature and size of 
the image. 

17. If an object, 10 cm. from a convex lens, has its image magnified 
four times, what is the focal length of the lens 7 

18. An object is at a distance of 3 inches from a convex lens of 
10 inches focal lengt^. Find the nature and position of the image. 

19. An object ia^ placed 6 inches from a lens, and an image, three 
times as large, is seen on the same side of the lens as the object. Fihd 
the focal length of the lens. 

20. A convex lens of 10 inches focal length is combined with a 
concave lens of 6 inches focal length. Find the focal length of the 
combination. 

21. Find the focal length of a lens which is equivalent to two thin 
convex lenses of focal lengths 20 cm. and 80 cm. placed in contact. 
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22» A convex lens of focal length 12 cm. la placed in contact with 
a ooncave l^ns, and the focal length of the combination is found to 
be* — ^ cm. Calculate the focal length of the concave lens. 

23. A convex lens of 3 inches focal length is used to read the 
graduations of a scale, and is placed so as to magnify them three 
times. Show how to find at what distance from the scale it is held, 
the eye being close up to the lens. 

24. The image formed by a convex lens is n times the size of 
the object: Show that the distance of the object from the lens is 

— ^ ^ y, 

25. A candle flame is placed 6 inches from a plane mirror, and a 
convex lens, pf 3 inches focal length, is placed between the candle 
and the mirror, and 2 inches from the latter. Find the position of 
the image. 

2^ A candle flame is placed 20 cm. from a plane mirror. Find 
where a convex lens of 6 cm. focal length must be placed in order 
that the image of the flame may coincide with the flame itself. 

27. On a sheet of paper placed vertically is written a capital L. 
If an observer stand 8 feet in front of the paper and hold a double- 
convex lens of 6 inches focal length halfway between his eye and 
the lens he will see an image of the letter. Draw a picture of the 
image as seen, and state whether it is larger or smaller than the 
object. 

28. A convex lens is focussed on a mark on a sheet of paper ; a 
thick plate of glass is then put between the paper and the lens, and 
it is found that the mark can no longer be distinctly seen. Explain 
this, and illustrate by a diagram the path of the ray in the two 
oases. 

29. A convex lens of 6 inches focal length is employed to read the 
graduations of a scale, and is held so as to magnify them three 
times. Find how far it is held from the scale. 

30. Show by accurate measured drawings the paths of rays of 
light, incident at 80^ from the normal, on (a) a thick plate of glass 
with parallel sides, (5) a glass J^rism at 6(f . 

Sl« A ray of light falls normally on the middle of one faCe of a 
glass prism whose section is an equilateral triangle. Show by a 
measum drawing the whole path of the ray. 

82, An object 8 inches high is placed successively at distances of 
45; 20, 18, and 8 inch^ from a convex lens of 10 in, focal length. 
Calculate in each case the position and height of its image, state 
It is teal or virtual, erect or inverted, and give rough 
ehowing the paths of the rays In eai^ case. « 
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This method is only applicable, and indeed it need only be used, 
for convex lenses when the focal length is large and B can be placed 

^ . L ‘ ’ 

0 




between the lens and its principal focus. If the real image of an 
object be viewed through a convex lens, it will be *found that lens 
and image move in the same direction. 


94. Determination of the focal length of a lens. The 
experimental determination of focal length is of great 
importance. The methods adopted depend upon tlie nature 
of the lens, and upon the degree of accuracy required. 
We shall consider a few of the simpler approximate methods 
for each class of lenses. 

I.— Convex lenses. 

1. The simplest method of determining the focal length 
of a convex lens is to allow a beam of parallel light to be 
incident on the lens, in a direction parallel to the principal 
axis, and then to measure the distance of the focus of the 
refracted pencil from the lens. 

Xxp. 10. For this purpose mount the lens in a suitable stand or 
clip, withAts axis parallel to a graduated wooden rod, along whieh 
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the stand slides. At one end of this bar, ^d at right angles to its 
length, fix a white cardboard screen with its centre approximately 
on thb same level as the principal axis of the lens. Point this 
arrangement towards the sun or some other well-defined distant 
object, and adjust the position of the lens by the method of oscilla- 
tions (Exp. 1) until a clearly defined image of the sun, or other object 
chosen, is formed on the screen. The distance between the jens 
and the screen, as indicated by the graduations on the rod, gives the 
required focal length* 

2. This method is based on the fact that if a beam of 
parallel rays leaves the lens, the source of the rays must be 
at the principal focus. 

Bzp. 20. Focus a telescope T (Fig. 112) on a distant object. Fix the 
lens L to the telescope, in front df, and coaxial with, the object 
glass. Now place a sheet, P, of printed matter is front of the lens. 


.P L T 



y /V 

Pfg. 112. 


and move it to and fro along the line of sight until the print is 
clearly seen by an eye looking through the telescope. Since the 
telescope is ^ for parallel rays, P must be at the principal 
focus of L. 

3. This method is a combination of methods (1) and (2). 
A source is placed at the principal focus of a lens. The 
parallel beam resulting on refraction is reflected by means 
of a plane mirror, and re-traversing the lens is brought 
to a focus alongside the object. 

Exp. 21. Take a simple form of optical bench, lamp, and object as 
described in Art. 47 and Exp. ; place the lens L (ITlg. 113} in a clip, 
and close behind it place a plane mirror M. Move the lens and 
mirror about until the rays returned by reflection at the mirror 
form an image of the gauze on the screen by the side of the gauze 
itself.* Employ the method of oscillations (Exp. 1) in order to get 
the best position. Measure 0 L ; it is the focal length, for, since 


* An image may be produced by reflection from tbe lens surfaces 
fAtt XL) 2). In the case under consideration the*rigbt Image 
otaEppeari if the mirror is taken away. ^ 
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the rays retnm along their old paths, they must have been 
incident on M; and have therefore left L as a parallel beam. It will 
be necessary to slightly tilt M to one side in order that' the •im^e 



Fig, iia. 


may be observed apart from the Object. This method is perhaps the 
simplest method, and is especially useful in the case of long-focus 
“convex” lenses. This and nearly all the following experiments 
should be carried out in a darkened room. 

4. This method is an applicjifion of the formula — 

V U Y* 

Exp. 22. Mount the lens in one of the uprights of the optical 
bench, with its axis parallel to the length of the bench. In two other 
uprights, placed one on each side of the lens, fix a lighted candle 
and a screen, the flame and the centre of the screen being adjusted 
to the level of the principal axis of the lens. By properly adjusting 
the positions of these two uprights, relative to that carrying the 
lens, focus a sharply defined image ♦ of the flame on the screen. 
Determine the distances v and u by noting on the scale of the bench 
the distances between the screen and the lens and between the 
candle flame and the lens. Substitute these values in the above 
eouation, taking care that v is represented by a negative number. 
These measurements should be made for several different values of 
u, and the mean of the results taken as the mean value of/. 

Instead of the candle flame it is better to employ a small, sharply 
defined object brightly illuminated >y a suitably placed light, A 
piece o.f glass with a scale etched on it, two fine wires stretched 
aoross a hole in a piece of cardboard, or a piece of wire gauze answer 
the purpose extremely well. Fig. 114 shows a simple form of bench 
fitted up for this experiment. A is the box (Art. 47) containing the 
lamp — a small electric incandescent lamp is the most convenient, — 


* The iipage should be as little coloured as possible. (See 
Art lOS.)^ 
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the ganze is mounted on the cardboard, B, by stamp paper. 0 is the 
leps carried by an adjustable clip kept tight by an elastic band, D is 
the scl'aeQ of white cardboard upon which the image is received ; in 



some experiments a plane mirror is affixed to D by means of an 
elastic band« 

M is a metal measuring rod of known length, provided with 
pointed ends. When measuring distances its en^s are brought into 
contact with the different surfaces, and readings are taken from a 
fidaeial mark cut upon its wooden base. 

Iff in the general formula above, we replace u by di, v by — 
and / by — /„ where d„ /, %re simply the numerical values of k, 

V and/, we obtain the formula 



which is simpler for purposes of calculation ; the arithmetic is still 
further simplified if tables of reciprocals are employed. Plot the 
results of the experiment on squared paper as in Art. 48 (4). Take 



values of dj along OX and values of if, along OY, (Fig. 116). 
Join up corresponding points. All these unes should Intersect one 
another at the point whose oo*ordinates are equal to the f ooal length. 
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6. The displacement method. Let A and B (Fig. lieV 
represent respectively the positions of a bright object and 
a screen. Then, if a magnijkd image of the object A ^)e 
formed on the screen at B by a lens placed at 0, a dimi- 
nished image can also be obtained on the screen by placing 




k 

P 

C 

Fig. 116 . 


A. 

C' 


IB 


the lens at a point 0' such tjiat B Cf «= A C, for; if A C and 
B 0 are conjugate focal distances, then the equal distances 
A O' and B C' are also conjugate. Let A B be denoted by I 
and C C' by a, then if A 0 and O'B be each denoted 
and 0 B and A 0' be each denoted by d^^ we have — 

A B = A C V 0 B, 

I ^ > 

and— OC'-AC'-AO, 

a « d^—di. 


( 1 ) 

C2) 


Therefore from (1) and (2) we get — 




l + a 
2 


f 


and therefore by the formula of Page 182, 
2 2 ^ 1 
l^a l + a ^ 


-A- 


il ' 


( 8 ) 


Hence, by measuring I and a, f may, by application of 
this formula, be readily determined. This method does not 
involve any error due to inexact knowledge of the position 
of the centre of the lens. 

Exp. 28. Using an optical bench find the focal length of a 
convex lens by inis method. Measure with a pair of dividers 
and a fine scale, the dimensions of the object (either the diameter 
of the circle in B (Fig. 114} or the width of a convenient number 
of wires of the gauze) and image in each case. Note that the image 
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• 

is as mach ma^ifiedfor one position of the lens as it is minified for 
the other position. The proof of this is simple. Denote correspond* 
idg dimensions of object and the two images by 0, I| , I,. Then when 

lens is at 0, ^ ^ , and when lens is at O', i » ^ . Therefore, 


y 2 _ ^1 

0 ^ ” ‘ 2 ; 


= 1 ; t.s., 0 = yXi . Ij. 


Hence if Ii and are measured, 0 can be calculated. This method 
proves verjr useful if the object cannot be directly measured. 


A particular case of this method is applied in Silbermann’s 



Focometer (Fig. 117). If a, in fo.miila (3; abjve, becomes 
zero, we have, neglecting sign — 

® . 7 


When this is the case the points C and (7 in Fig. 116 
are evidently coincident, and we have A C = C B. That 
is, image and object are equidistant from the lens, and are 
therefore equal in size (Art. 86). This is the fact made use 
of in this instrument, which consists of a fixed scale carry- 
ing three slides. A, B, and G. Mounted in tubes on A and B 
are two glass scales photographed from the same negative^ 
the graduations being uncovered and facing the lens, 
l^he ^de 0 carries the lens whose focal length is to be de- 
termined The positions of these slides must be adjusted 
until the image of the scale in A is seen to coincide 
exactly with that in B. It will then be found that A and 
B are equidistant from C, and the distance A B read off on 
imale, gives I, from which / ( -» i/i) is easily calculated. 
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6. The magnification method. This method is applicable 
to thick lenses and combinations of lenses (c.^.,.the photo- 
graphic lens), as well as to thin lenses, hence its impoHance. 
Let a lens, focal length/, at a distance ui from the object 
produce an image, magnification wii, at a distance vi. Also 
let? the same lens and object at a distance produce an 
image of magnification m 2 at a distance i? 2 - 


Then 


Similarly 


1 

7“ 

^^2 - 



t’l 

^ ~ tt, “ ^ ~ "‘i : *•*•> '’i = (1 - «i)/. 
(1 - «,)/. 


«! - Pi “/("‘i - ”h ) ; - 



The apparatus of Fig. 117 is very useful for this mcwiod. 


Exp, 24. Find the fucal length of a thick convex lens. Use as an 
object some coinjiass points, the logs being opened so that the 
points aie some exact distance apait, &ay,i cm. or J-iiich. Focus 
a magnified image of the points on a finely divided scale, and note 
the number («,) of scale divisions biidged by the tips. Now move 
the scale towards the lens through a measured distance (rf, say 1 Inch 
for a short-focus to 6 oi 9 inches for a long-focus lens. Adjust the 
position of the compass iioiuts (the lens must not bo moved) until an 
image of them again rchts on the scale Note tile number (n.^ of 
scale di^ibion^ bridgf'd by them now. Then find, by direct ajiplica- 
lion, the number (n) of divisions of the scale bridged by the com- 
pass points themselves. In the first po.sition the magnification 
wii 5= in the second m, =» Focal length - md- 

Il.—Concave lenses. 

We have already seen that with a concave lens the 
image of a real object is virtual, and so cannot be I'eceived 
upon a screen. This renders it difficult to determine the 
focal length of a concave lens,* but the following methods 
may be adopted with fairly accurate results : — 

1. One face of the concave lens is covered with a circular 
piece of black paper, through which two large pinholes 
have been made, on a diameter of the circle, at points equi- 
distant from the centre, A beam of parallel light is then 
directed pn the lens in a direction parallel to the principal 
axis. ^11 the incident rays except those passing through 
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^he pinholes are stopped by the black paper, and if a screen 
be placed behind the lens, two bright spots will be formed 
u^n *it at the point where the rays passing through the 
pinholes meet its surface. 

Let a and b (Kg. 118) represent the position of the 
oinholes, then, the incident light being parallel, the rays 



refracted through at a and b diverge from the focus F, and 
bright spots of light are formed, at a! and b\ on a screen 
placed at any point S, behind the lens. 

From the figure we have — 

• ab FO FO 

Therefore, if the focal length of the lens be denoted by /i 
we get — 

ah / 

From this relation / can be determined when a b, a* 
and OS are known. 

Bxp. 21. Place the source o/light, A, at the focus of the convex 
lens, and then place the concave lensand screenin position. Measure 
a 2 and a* V with a pair of compasses and a fine scale and read ofi 
the distance 0 6 from the bench. Only very rough results can be 
obtained by this method. 

2, Let F (Fig. 119) denote the position of the object, and 
V the position of the image formed on the screen at S by 
the convex lens L. If the concaiTe lens be placed* at V in 
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such a position that'L'F is less than its focal length, then 
the rays converging to F become less convergent apd 
thus meet at a more distant point F (Art. 85, II., 2). If 
the screen be placed at S' an image of the object at P 
is formed on it ; this image may be considered as the image 



of a vii'tual object F, andjf L'F and L' P'' be measured 
the focal lengtjb of the concave Ions may be calculated 
from the relation — 

1 

V u /* 

Exp. 26. Mount the lens L on the optical bench and locate P' by 
means of a screen 8. Note its position. Mpunt V on a stand so as 
to be the same level as L and place it in position. The image is 
DOW thrown back to 1*". Locate it by the screen as before. If 
V P" is very long, there will be a considerable range for which 
the image is approximately in focus. To overcome this difficulty 
place L' nearer T' ; P'' is now considerably nearer V\ 

3. If L' (Fig. 119) is so placed that L'i^ is equal to its 
focal length, the rays leaving L' will be parallel to one 
another, and may be made to retrace their paths by means 
of a plane mirror placed at right angles to them. 

Exp. 27. Place a plane mirror M (Fig. 120) behind L' and move 
the lens^along the bench until an image of the gauze at P is formed 



alongside P. Note the position of JJ and then remove it and M 
The rays ^^ow come to a focus at F ; P' L' is the focal length of 
the concave lens. 
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4. It has been shown in Art. 88 that if two thin lenses 
oi fo^al lengths fi and /j be placed in contact so as to 
act as one compound lens, then the focal length, F, of 
the combination is given by the relation — 


F 



1 

TT 


If a concave lens, of focal length /i, be combined in this 
way with a convex lens of shorter focal length, /j, the 
combination is evidently equivalent to a convex lens, and 
its focal length, F, may 1^ determined by either of the 
methods given above. Similarly may lofi determined, and 
the required focal length /i may then be calculated from 
the relation just given. Care nfust be taken over the signs. 


Kadius of curvature of a mirror or surface of a lens. 

I. Concave surfaces. 

The concave surface of a fens may be regarded as a con- 
cave mirror, and its radius determined as in Art. 48. 

II. Convex surfaces. 

Art. 48 gives two methods; the following are also in 
general use — 

1. If a convex surface is so placed in a converging beam 
that the focus* of the beam is the centre of curvature of 
the surface, the rays are reflected back upon themselves 
and retrace their former paths. 

Exp, 28. (1) Place the surface to be measured (M, Fig, 121) behind 
a convex lens,L, of short focal length, and adjust their positions until 
a sharp image of the gauze (Art. 47) is formed on the screen bj 


P 

Fig. 121. 

rays returned after reflection at the convex surface. Note the position 
of M, then remove it ; the rajs now travel on and an image of P is 
formed at P'. Since the rays were incident directly on M they were 
converging to its centre of curvature, hence M F is the radius of 
curvature. This method may also be used to find the radius of the 
convex surface of a lens ; the second surface will not interfere. 
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2. This method is only applicable to the convex sur* 
faces of lenses, but for them it is the simplest and best 
method, and is easily performed at the same time as the 
determination of the focal length (by Art. 94, 1., 3). 

Exp. S9. Mount the lens L (Fig. 122) in the clip, with the surface 
under experiment turned away from the illuminated gauze. Some 
light is reflected from the surfaces of the lens. Starting with the 
lens up close to the gauze gradually withdraw it, until one of these 



reflected beams throws an image of the ganzo back on the gauze 
itself. If necessary, tilt the lens slightly to one side, in order to 
throw the image on the screen and thus allow o^, its being clearly 
seen. Find the exact position of the lens by the method of oscil- 
lations (Exp. 1 ). Measure the distance L P from lens to screen, 
and denote it by u. 

Since the rays of light originally emergent from P return 
along their original paths, it is clear that they must be inci- 
dent normally on the back surface of L, and hence those rays 
which penetrate L diverge from 0, the centre of curvature 
of this surface. Therefore P and 0 are conjugate foci ; and 
denoting the focal length of t4e lens by /, and the radius 
of curvature of the back surface by E, we have — 

I I 1 

R 

« +/ 

R and c are of course positive, but / is positive or 
negative according as the lens is concave or convex. 



190 


UOHT. 


Z?be method is applicable to the siirfa^s of double-convex 
fenses, concavo-convex lenses^* and to convexo-concave 
ienses/t in* which the radius of curvature of the convex 
surface is numerically smaller than the focal length of 
the lens. 

96. Determination of the refractive index of the glass 
composing a lens. The focal length and radii of the two 
surfaces being found by the experiments described above, 
a can be found from the formula — 

>-<,-.,( 1 - 1 ) 

in which r is the radius of the si^frface upon which the light 
first falls. Great care must be taken over signs. 

97. Experimental illustration of the deviation produced 
by a prism. In Arts. 76, 76, the phenomenon of devia- 
tion of light by a prism w&s illustrated by the displace- 
ment of the virtuai image of a slit seen through the prism. 
We can, however, Ulustrate deviation by noticing the 
displacement of a real image, obtained by means of a 
lens and prism. The apparatus described below may be 
employed for this purpose, and will also serve to give 
rough measureftients of the deviation produced. 

Sxp. 30. A small truly circular table, about 30 cm. in diameter, is 
fitted round its edge with a strip of thin tough paper, in such a way 
that the upper edge of the strip projects about 5 cm. above the face 
of the table. On this projecting edge, about half-way up, a scale, 
showing degrees, is marked all round the strip. At the IBOth 


* In performing Exp. 29 with a concavo-convex lens, the first 
focussed image of the gauze on the screen B (Fig. 114), as the lens 
is gradually withdrawn from *the illuminated gauze, is due to 
reflection at the back surface of the lens and gives c. As the lens 
is ly^ill further withdrawn another image is focussed on the screen. 
This image is formed by reflection at the concave surface of the 
lens, and the distance of the lens from the screen gives the radius 
of that surface. This is Exp. 8. 

t In performing Exp. 29 with a convexo-concave lens, the distance of 
the first image— as the lens s gradually withdrawn— gives the radius 
of the concave surface, the distance of the second image gives c. 
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division on the scale, a naiTow vertical slit, S (Fig. 123), about 2 cm.' 
long and *5 mm. wide, is so cut in the paper that one edge accurately 
ooincides with this division. Take the apparatus into a‘ dark* room 
and illuminate the slit by a properly shaded sodium flame. Fix a 
mounted convex lens, L (/ — 6 cm., about), on the table, between the 
slit and the centre, in such a position that a clearly defined Image 
of the slit, having one edge coincident with the zero on the scale, is 
obtained on the paper strip at S'.* At the centre of the table fix a 
small stand T T, which can be rotated round a central vertical axis. 
On this stand place a prism so that its edge is vertical, and the plane 
bisecting its refracting angle passes through the axis of rotation of 


S 



S' 


Fig. 128. 

the stand. Rotate the stand until tlie rays of light coming from the 
blit, through the lens, are refracted through the prism ; observe that 
the position of the image of the slit is changed, and that the change 
of position indicates that the rays are deviated by the prism in a 
direction away from its refracting edge. Note also that as the 
rotation continues the position of the image changes, indicating that 
the magnitude of the deviation produced depends upon the ^sition 
of the prism relative to the incideiut light. If for any position of 
the prism, the image is formed at S", then the magnitude of the 
deviation is measured by the angle S' P S'^ which may be at opce 
read off on the scale. Now rotate the prism so as to cause the 
deviation to diminish. As the prism is rotated, always in the same 

* If the lens be not employed the light leaves ? in diverging 
pencils and an indefinite image is formed. With the lens in the 
correct position the pencils converge as in Figs. 124, 127, and form a 
real image* on the olroular scale. 
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direction, the image will travel at a gradually decreasing rate 
towards S', and at a certain point will become stationary, ami then 
ti^rn ^ack in the opposite direction. The deviation at the instant at 
which the image is stationary is the minimum deviation^ which can 
thus be determined by noting, on the scale, the division at whicli the 
image ceases to advance towards S' and begins to turn back. The 
image obtained on the scale, after the interposition of the prism, is not 
clearly defined except at, and near, the position of minimum devia- 
tion, and consequently measurements made near this position will 
be more correct than for other positions. Accurate measurements 
of deviation are made by means of the ipeeirometer. (Art. 165.) 

98. Exp. 81. Determination of the angle of a prism. Take the 
simple apparatus of the last Article, and having adjusted Ij in 
position, place P on the stand so that the refracting edge is over 
the axis of the rotation of the stand, and the faces OR,OT are 


S 



nearly symmetrical about SO (Fig. 124). The converging beam of 
liglit falling on P is now reflected in two portions, and the reflected 
beams converge to points A and B on the scale. Read off on the 
scale the magnitude of the angle A OB. It is twice that of the 
angle of the prism, for by Art. 30 the 

£ AOS' 2ZB08' 

A BOS' - 2 iC TOS'i 
A AOB - 2 aROT. 


Hence 
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99. Determination [of the refractive index of the snb* 
stance of a prism. Having now determined the refracting 
angle of the prism and the minimum angle of deviatiorf, 
wo have all the data lucossary for tlu' calculation of the 
refractive index of the material of the prism for sodium 
light, l^or if A is the refracting angle, and D the minimum 
angle of deviation, 

. D A 
sin — 

~ V- (Art. 74). 

sill 

The- refractive index of liquids can bo measured by 
enclosing them in liollow prisms wliose avails are made of 
thill parallel plales of glass suitably cemented together at 
their edges. 

The refractive index of metals has been measured hy using very 
acute-angled prisms made on glass l>y the electric discharge or by 
chemical decomposition. 


hXAMPLKS VI. 

1. In an (‘Xjjeriiiicnt made to (h'torrnine fbo foj'al length of a 
miivex l(!iis by tlic ineiliod of Art, 94, 1. 4, the following corresponding 
\ allies of //j, were o!oser\t‘<l : 


! 


e.ni. ! 

fill. 

rm. 

i 

1 o 2 ' r> 


i ^ 

2H 

d. 

1 

11 ■ l 

;)] -u 

01) *5 


Find by a graphical nietliod tlie foeaWmigf.h of the leas. 

2. An object and screen were fixed on an optical bench at a 
distance apart of yid era. Between them a convex lens was movt^d 
about, and in two position.'?, 71 *.'1 cm. apart, images were formed on 
the screen. Find the focal length of the lens. 

3. A contact-combination of a convex and a concave lens bacl a 

focal length *“ focal length of the convex lens being 

— 10*02 era,, find that of the concave lens. 


13 
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4. A convex lena was need to form a real Image of an object. 
Between tiiis image' and the lens, and at a distance M 29*25 cm. in 
fjront^of the image, a concave lens was placed, and it was found that 
the image was thrown back 12*25 cm. Find the focal length of the 
concave lens. 

- 6. A convex lens yielded a real image of a piece of illuminated 
gauze at a distance of 160 cm. from itself. At 50 cm. beldnd tlie 
lens was placed a concave leiia, /Kid behind this a plane mirror, and 
it was found that an image of .me gauze was thrown back on the 
gauze itself. Find the focal length of the concave lens. 

6. A convex lens yielded a real image of a piece of illuminated 
ganze at a distance of 40*.38 cm. from itself. An equi-convex leiih 
was placed behind this lens, and it was found that an image of tlie 
gauze was found alongside the gauze itself when the second lens 
was 29*68 cm. behind the first. Draw the diagram, and find the 
radii of curvature of the surfaces ol the second lens. 

Given that the focal length of this lens is — 10*1 cm., find the 
refractive index of the glass of which it is composed. 

7. A long-focus equi-convex lens was fixed in a clip on an optical 
bench. A plane mirror was also mounted on a stand, as in Fig. IKh 
The base-pieces of the two stands could be moved together. At the 
start they were placed close up to the illuminated gauze, with the 
mirror facing the gauze and the lens between the gauze and the mirror. 
They were then gradually withdrawn together. At distances from 
gauze to lens of 57*2 and 112*1 cm. images of the gauze were tlirown 
on the screen alongside the gauze itself. At the latter distance, 
when the mirror was withdrawn, the image disappeared. Find from 
these data the focal length of tbe^lens, the radii of curvature of its 
surfaces, and the refractive index of the glass. 

8. The same experiment was repeated with a convex meniscus. The 
concave surface was placed facing the ganze, i6^d at di&tances from 
gauze to lens equal to 8*9, 36*2, and 35*3 cm. images were thrown 
back on the screen. At the last distance the image di.sappeared 
when the mirror was withdrawn. From the above data find the focal 
length of the lens, the radii of curvature of the two surfaces, and tlie 
refractive index of the glass, 

9. A hollow glass prism of refracting angle 39® 33' was filled with 
water and set on the prism Xf&le of a simple spectroscope (Art. 97). 
The angle of minimum deviation for sodium light was found to be 

67'. Find the refractive index of water. 

10. A similar experiment was performed with carbon bisulphide. 
Find its refractive index from the following data : Kefracting angle 
of prism, 40® 24' ; angle of minimum deviation, 28®, 



EXAMINATION QUESTIONS. 

• Questions Set at Various University Examinations. 

1. Wliab is meant by the Focal length of a Convex I^ms ? Show 
how to find it (1) by aid of the auii, (2) by an artificial iiame. 

2. What is the focal lengtli of a lens, and how w»mld you determinu 
it experimeiilally ? In the case of a convex lens, if the object bo 
as near as possible to the image, where must the lens be? 

3. Sliow how to determine by a geometrical construction the 
diameter of the sun’s imago for»ied by a convex lens ol’ 6 feet focal 
Icngtlj, assuming that the sun’s diameter subtends, as seen from 
tbe earth, an angle <'f ;j°. IJow does thes brightness of the image 
depend ujxm the size of the lens and its focal length ? 

4. How Would you deUonnine the focal length of a convex lens 
if sunlight were not available ? 

5. What is the focal length of a lens ? Heyv may the focal length 
of a concave lens be determined? 

G. A candle is placed at a fix<‘d distance opposite a wall. A convex 
lens, held between the candle and the wall, throws on the wall a 
well-defined magnified image of tlie candle iiame when it is 1 foot 
from the candle, and a well-defined diminished image wlieu it is 
11 feet from the candle. Find the focal lengtli of tlio lens. 

7. How is the f(;cal length of a convex lens best <letorminod with- 
out the aid of sunliglit ? 

An object is placed « inches from the centre of a convex lens, and 
its image is found 24 inches from the centre of the other side of the 
lens, if the object were placed 4 inches from the centre of tbe lens, 
wliere would the image be ? 

8. A small object is placed close to a thick plate-glass mirror. 
An eye near the mirror observes not one image of the object only, 
but a great number. Explain tbe Sormation of these. Which of 
them is the brightest, and why ? 

9. A small gas flame is placed on the axis of a lens distant frQpi 
it 120 cm. By moans of a ground-glass screen an inverted image 
of the gas flame is found on the farther side of the lens 200 cm, 
from it. What is the nature of the lens, and what is its focal length ? 

10. Explain how to determine the focal length of a convex lens. 
If an object at a distance of 3 inches from a lens has its image 
tnagnifled three times, find the focal length of the lens, 

m 
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11. Two thin lenses have each a focal len^h of 1 inch. Draw as 
carefully as you can to scale, the path ot a beam of liglit from a 
distant object (1) when the lenses are in contact, (2) when they 
are separated by inches, (3) when they are separated b> 
3 Inches. 

12. A bright point is situated on one wall of a room 9 feet v^ide. 
A convex lens, 1 ft. focal length and 2 inches in diameter, is placed 
L feet from the wall in the normal from the point. What is the 
width of the circle of light thrown by the lens on to the opposite 
wall? 

18. Draw a curve showing the relation between the distance of 
an object and that of its image as measured from a lens, as the 
distance of the object is progressively varied. Take, for simplicity, 
the case of a convex lens of negligible thickness. 

14. Give a careful sketch of the Arrangement of a lamp, slit, lens, 
and scale, by means of which the image of the slit formed by the 
lens and reflected by a plane mirror may be thrown on to the scale, 
iicice in your sketch the course of a pencil of the rays. 

16. Draw a curve 8ho>^ ing in the case of a convex lens the con- 
nection between the ditjUiiieetbf the object from on© principal 
focus and the distance ol liic image from the other. 

16. How can convex lenses be distinguished from concave lenses 
by the appearance of objects seen through them. 

/ 17. An object is 20 feet from a screen. Given two convex lenses 
respectively of 9 inches and 18 inches focal length, explain how you 
will obtain (l),,an erect and magnified, (2) an inverted and 
magnified image of the object on the screen. 

18. How would you determine experimentally the focal length 
of a convex lens in such a way as to avoid an error arising from 
the thickness of the lens, your source of light being a paratlhi 
lamp? 

19. Describe fully the 'method you would adopt in order to 
determine the index of refraction of a transparent prism for 
sodium light. 
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DISPERSION. 

100. Homogeneous and compound light. We have seen 
that there is reason to believe that the physical cause of 
light is a species of transverse vibratory motion in the 
ether. When this motion is made up of a series of waves, 
all of the Siime wave-length, then the light is said to be 
Iwmogeneoua or monochroimitic. It is, however, more 
generally the case that the wave motion is made up of an 
infinite number of waves bf different wave-length. The 
liglit is then said to be non-homogeneous or compound,. 

Monochromatic light is of a definite colour, correspond; 
ing to its wave-length, and difference in wave-length is 
always indicated by a dif!crencj|iii colour. Compound light 
may also be of all shades of colour, or may be v)k\U or 
colourless, but its colour is no indication of its composition; 
tw'o lights of almost identical colour may be made up of 
very different constituents, and may even exactly match the 
colour of any of the monochromatic lights. Thus the 
colour of light is not a reliable indication of ijis composition. 
In the case of white light, however, wo can always state 
that it is compound, for all monochromatic lights are 
coloured ; but, without experiment, we cannot state what 
may be the constituents of any given source of white light. 
Solar light and the other white lights with which we are 
most familiar — for example, gaslight, lamplight, electric 
light — are very similar in composition, and include all 
possible shades of monochromatic light. The reason of 
this is evident when wo remem 6er that white light of this 
nature ahvays results from incandescence, and that an 
incandescent or white-hot body has passed through all the 
phases of change of colour attendant on nse of temperature. 
It is, therefore, giving out light of all wave-lengths, from 
the dark red which first appeared when it began to get red- 
hot, to the violet which was added when it first appeared to 
be perfectly white. 
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101. Newton’s Experiment. The light coming from the 
sun was first shown by Newton (1676) to be of a composite 
char&cter!* The experiment by which this fact was demon- 
strated is known as Newton’s Experiment, and is worthy 
of special notice, both on account of the historical interest 
attached to it, and because of the great importance of the 
fact which it illustrates. 

In its simplest form Newton’s Experiment may be per- 
formed in the following way. A beam of sunlight is 


S 


n 



Fig. 125. 

admitted into a dark room through a small circular 
aperture. A, in a shutter or blind. The beam will be 
seen in the room as a small pencil of light diverging from 
A (Fig. 125), and, if allowed to fall on a vertical screen at 

♦ The prevailing opinion before Newton’s time was that the prism 
actually made the coloured lights out of the white lights Newton 
showed, or he thought he did, that white light really contained the 
ooloured constituents, and tha6 his prism merely sorted them out. 
More recent research, however, inclines to the theory that white light 
does not consist of a number of regular trains of waves, but is made 
uf of irregular disturbances or pulses. The prism resolves these into 
simple components upon which it impresses different periodicities, 
which components therefore advance in different directions deter- 
mined by their periodicities and wave-lengths. Newton’s theory is 
therefore not as correct as the older one, if that could be calM a 
theory. Since, however, the new theory has not yet been decisively 
established Newton’s theory will be adhered to in this book. 
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S, it forms a small elliptical bright spot, which is a rough 
image of the sun. If now a prism, P, with its edge 
horizontal be placed, edge downwards, in the path of the 
beam, the latter will be deviated from its original course, 
and deflected upwards so as to form an image at S S", 
This image difters from that first formed at S in several 
important particulars; the vertical diameter is much 
longer, and, instead of appearing as a bright patch on the 
screen, it is made up of several coloured bands, arranged 
horizontally. In fact, the image is made up of several 
overlapping images, similar in shape to that originally seen 
at S, but each of a different colour. This shows that the 
beam of vMte light incident on the prism is, on refraction 
through the prism, separated into its difft'rent coloured con- 
stituents, each of which forms its own imago on the screen, 
and thus the many-coloured compound image at S" la 
formed. Such compound images are called spectra. When a 
spectrum is formed by decompojition of tln^ solar light, as in 
the case we have just considered, it is called the solar spectrum^ 
and on a first analyKsis may be taken as made up of the six 
colours — red, orange, yelltjw, green, blue, and violet.* Of 
these the tcmI rays are the least deviated, and therefore appear 
at S', the bottom of the image S' S". The violet rays are 
the most deviated, and ni’o therefore found at S', the top of 
the same images Tlio intermediate rays are arranged in the 
order given above, from below upwards, between S' and S". 

The student must beware of thinking that the spectrum can be 
divided into six distinct blocks of different colours, and that solar 
light is made up of only six different constituents, corresponding to 
the six colours. This is not the case; the number of constituents 
making up solar light arc infinitp^ but, considered with reference to 
their action on the eye, they njay bo divided into six sets, each of 
which corresponds to a definite coJmr ami comprises an 

infinitje number of rays, each corresponding to a certain shade of the 
colour which cliaracterises the set to which it belongs. 

* Newton described scveit princiiual colours, including indigo 
between blue and violet, and others have followed him ; but no such 
colour is to be seen by normal eyes in a pure spectrum, and if it 
were, indigo is only a kind of blue, and there is no more reason to 
subdivide ‘the blue than the green or any other colour. 
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102* Bofraugibility* When the Yays of a compound 
beam of light are refracted through a prism, as in Newton^s 
Experiment, each constituent suffers refraction to a different 
extent. This is sometimes expressed by saying that the 
constituents of the compound beam are of different 
reframgibiUtm] ynnai^ are those^which 

fliA deviation, while the least refrangible 
are those which suffer least deviation. In the solar spectrum 
the red rays are the least refrangible, while the violet rays 
are the most refrangible. The intermediate rays increase 
in refrangibility as we pass from red through orange, 
yellow, green, and blue to violet. 

From what has been said ♦above, it will be seen that 
difference in refrangibility corresponds to difference in 
wave-length. Light of h^h refrangibility is of short wave - 
Tibn gth, and the cpYresponamg inj ex^ 
giVin me^ ^umls reiAti wlJEr^lir^^ e light of lowlfiSrangi- 
bility is of long waveJengfe, and the corresponding index 
of refraction for any given medium is relatively low. 

This different refrangibility is due to the different 
frequency of the various coloured rays. Colour, in fact, 
in light, corresponds with pitch in sound. The violet 
waves are the shortest, the red the longest. A violet light, 
therefore, corresponds to a high note, a red light to a low 
note, 

103. Pure spectrum. The spectrum obtained by the 
method of Newton’s Experiment is indistinct and badly 
defined because of the overlapping of the images of which 
it is composed. Such a spectrum is said to be impure. To 
obtain a pure spectrum a very narrow slit must take the 
place of the aperture in the shutter, and some means must 
hd adopted to obtain a spectrum made up of a series of 
adjacent but not overlapping images of this slit. In Fig. 126 
let 8 denote the position of the slit. The pencil of rays, 
diverging from s, forms a broad band a 6 on the screen S S’. 
If now ^e prism P be interposed in (he position of minimum 
demc^onj with its edge parallel to the length of the slit, the 
rays of the pend] are deviated and dispersed in such a way 
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that the red light a|>pears to come from r', a virtual image 
of the slit s,*and forms a band r r on the screen.* . SimHarJy 
the violet light seems to come from v* and gives the violet 
band v v ; and so on, for each colour of the spectrum. It is 



evident that the spectrum tluis contained on the screen is 
composed of a series of overlapping bauds, and is therefore 
not pure. 

If, however, a suitable lens, L, bo placed, as shown in 
Fig. 127, so as to give, when P is removed, a distinct image 
of the slit at a, and the prism, P, be then interposed, in the 
position of minimum deviation for the mean rays, the pencil 
of rays converging to a, will, After refraction through the 
prismf, be dispersed and give rise to a series of pencils con- 
verging to the points r, o, y, 6, v. Real images of the 

* In general, oblique refraction does not produce a point image of 
a point source (Arts. 62 and 75), but in the special case when the 
prism is symmetrically placed with respect to the incident and 
emergent rays, the emergent pencil does diverge from a point» and 
hence we can consider / and t/ as definite images. 
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slit are thus formed at these points of light of each colour, 
apd, as ^ach image is narrow and distinct, like that at 
a, there is no overlapping and a spectrum is obtained. 
If the slit itself is not sufficiently narrow, the images may 



be broad enough tp overlap and thus give an impure 
spectrum. Instead of placing the lens at L (Fig. 127), it 
may be placed on the other side of the prism in such a 
position (Fig. 128) that real images of the virtual foci lying 
between r' and v' (Fig. 126) are formed on the screen. 



Fig. 128. 


A third method of obtaining a real, pure spectrum is 
described in Chap. XII. under the spectroscope (Art. 164). 

It is thus evident that to obtain a real, pure spectrum 
we must have — 

1, A very narrow slit. 
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2. The prism in the position of minimum deviation for 
the mean rays and therefore approximately for all rays. 

3. A lens, so placed as to form a clearly dejmed speclrum 
on the screen. 

The second condition is of great importance, for it is only 
when the prism is in the position of minimum deviation 
that clearly defined images can be obtained. In practice 
it will be found convenient to illuminate the slit by means 
of a lamp, and instead of the largo screen shown in the 
figure, to employ a smaller one, placed first at a to receive 
the direct image of and tlnm at r . , v to receive the 

spectrum. The prism is placed in the position of minimunr 
deviation by rotating it unUl the position of the spectrum 
is as near as passible to a (Art. 97). 

It slioiild here be noticed that tiie above arrangement of 
apparatus is necc'ssary to obtain a reed pure spectrum, 
which can be received upon a screen. A virtual^ pure 
spectrum can be seen by merely looking througli a prism 
at a narrow slit. An eye* ]>laced near* the prism, so as to 
receive the emergent pencil, sees a small but very bright 
and pure spectrum at the virtual foci of the difFercnt con- 
stituents of the pencil entering the eye. The violet end of 
this spectrum is seen nearest the refracting edge, because 
the violet rays are most refracted. Tliis is (‘\ident from 
Fig. 128, the h ns and screen tliere shown being replaced 
by the lens of tlio eye and (he retina. The red end of the 
spectrum is seen at r' and the violet end at 

Exp. 32, 1. Cut a narrow slit (aboMtoni* or two millimotjcsin width) 
in a piece of caidboiird or nictal foil, and place it vertically in front 
of a bright white liglit, such as the sun, a bnght cloud, an electric 
arc, a good lamp flame, or an inc.inde«>cent mantle. Take a glass 
prism (a glass lu^^trc fiom a ebandtiier will do) and stand it in a 
verticjil position in tlic path of the light issuing througli the slit. 
At some distance behind place a white .s’creen. Note the spectrum 
formed, its deviation, and the fact that the violet end is deviated 
more than the red end, and that the centre is very nearly white. 
Set the prism in tlie portion of minimum deviation. 

2. Close behind the prism stand anoihoi similar pii^rn also in the 
position of minimum deviation. Note that the deviation of the 
spectrum is increased and that it is further drawn out. 

3. Take this second prism and now place it horizontally with its 
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refracting edge downwards, close behind the first prism. Note now 
that the spectrum is elevated, and the violet end more so than the 
eiid so that the spectrum is now on the slant. This is Newton’s 
celebrated oroued-primi experiment. 

4. Repeat (1) but instead of using the screen place the eye to 
receive the emergent beam; the spectrum seen is nearly pure. 

5. Take now a lens of about a foot in focal length and set up the 
prism and lens as in Figs. 127 or 128. A pure real spectrum is now 
formed, on the screen. Note the purity of the colours compared 
wi^jjipffhose produced in (1). 


104. Dispersion. We have seen that when a beam of 
compound light is refracted through a prism, each con- 
stituent of the beam suffers deviation to a different degree. 
The light of shortest wave-length is deviated most, and 
that of longest wave-length least, and th>:s the different 
^nstituents of the incident beams are, as it were, separated, 
each travelling in a definite direction determined by the 
deviation it has experienced. This sep aration tho dif> 
ferent constituents of a compound beam of light by refr action 
t Srougn a prism isj&lled^i^ Tneasatod for 

anyliwb rays ot tne refracted i^ndL by the angle betw een 
tlbese rays. Thus, in S^ig. 129, if A B represent a ray inci- 
dent Oh' y prism at B, and split up by refraction through 
the prism intp a pencil of rays bounded by BCD and 
B E F, then the angle DOF measures the dispersion for 
the extreme rays of the emergent pencil. 


^105. Dispersive power. The dispersive power of a 
medium is determined by the rStio ortHe dispersion 

produced by a prism of small refracting angle of that 
iSe51 um to the mmn devi^on produced by the same prism, 
wheiTjTBeam of white light is refracted through it, in the 
position of minimum deviation. 

Thus, in Fig. 129, the dispersion Is measured by the 
angle DOF and the meom deviation by O' 11 ; therefore, 
in accordance with our definition,^ we have — 

Dispersive power =« Qrg* 


In Fig. 129 the angle of the prism is intentionally made large 
for the sake of clearness. 
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Now, the angle D 0 'F is the difference between the devia-^ 
tions of the extreme rays A B C 1) and A B E F ; therefore, 
if denote the index of refraction for A BE F, and tte 



index of refraction for A B I>, tlie deviation for A !> E F 
is approximately given for a pilsin of small angl(‘, A, b) -- 

1)A, - 

and for A B 0 D the deviation is givt'ii by 

Similarly, if /a denote the ind( x of lefraction for A BG H, 
tlie mean ray of the refract(Ml jKa.clL then the mean devia 
tion is given by — 

1> - (/x - 1; A. 

Thus we have — 


DOF=-i\-.D^-(/x^~ I)A~C^-hA -^)A, 
and — 

AO'n «D = (.u- 1)A, 
and therefore — * 

Dispersive power == /x -T* 


Dispersive power is usually denoted by tt>, so that the above 
relation is generally written — 

U> « T" 

M- i 
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This is regarded as the strict definition of w. The defini- 
tion fii*st given is only approximate. 

Experiment shows that in general the dispersive powers 
of different media are different. Water has little dispersive 
power, crown glass has about the same, flint glass has nearly 
twice as much as crown glass, and carbon bisulphide has stiil 
more, and therefore hollow prisms filled with this liquid aro 
usually employed in spectrum work for lecture illustration. 

In the following table the refractive indices of these 
substances are given for the definite red, greenisli }ellow, 
and violet lights corresponding respectively to the 1), 
and 11 Eraurihofer Lines (Art. 111). The dispersive powta* 
is obtained ‘from the formula — ► 



t. 




(jj 

Water (20°) 

1 * 344 

j ‘.t;;.! 

1 • 320 

• 045 

Carbon Bisulphide (20°) ... 

1 ■ 700 

1 • (;2s 

1 *000 

•m;j 

Crown Class (Heavy) 

1*551 

1 • 5H4 

1 • r)2s 

•013 

Flint Glass (Heavy) ... , 

1 * G53 

1 - OH) 

1 • (JOO 

• 073 

Hock 8alt (24.°)* 

1 ‘ 550 

1 • 514 

1 • 537 

• 050 


106. Achromatic prisms. To realise the full signihcJinco 
of dispersion let us consider the following expc riim uts : - 
(1) Let two exactly similar prisms P and F' (Hg. loU), 



of the same material, be placed as shown in the figure, with 
their refracting ed ges turned jp ^ppoaitiLdirectiona^and their 
adjacent and let a beam, of solar light A B 
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be incident on P. On refraction through P, this beam is 
dispersed, arid the refracted pencil, C D, after emergence 
from P, is incident on P. Now P, being exactly similar to 
P, but having its edge turned in opposite direction, will 
produce an equal and opposite effect to that produced by 
P ; that is, the pencil, E F, after emergence from P will 
be parallel to A B, and the dispersion produced by P wdll be 
destroyed by P', so that the beam E F will be, in all respects, 
exactly similar to A B. Tn fact, the action of the combined 
prisms is the same as a plate of the same medium. (Art. 53.) 

This experiment, whicli may be employed to illustrate 
the recomposiiion of w^bite light, sliows that whenever, by 
the action of two similar j)rkms of the same matenal^ disper- 
•^ion is destroy e(i the deviation is aBo destroyed. Sir Isaac 
Newton, after some research in this dir(‘ction, came to the 
conclusion that this result was time ^ellerally, whetlu^r the 
prisms were of the same material or not, and that it was 
impossible to obtain deviation without dispersion, or disper- 
sion witiiout dindation, 'rhis conclusi'in we now know to 
be wrong, for let us see what it leads to. Let d and D 
denote lespectivdy the extreme dispersion and mean devia- 
tion produced by P, and d* and D' the disjiersion and 
deviation produced by P', then if, on refraction tliroiigh the 
comhiiKMl pi isms in the w<\y explained above, *the dispersion 
and (Unntion are simultaneously <lestroyed, we have — 
d ^ d' aud J) ~ !>', 

and therefore — 


If, then, Newton’s conclusion were true generally, it 
would mean that all media have the same dispersive power. 
Experiment has shown that tliis4s nut the case (Art. 105). 

(2). Let the prisms C, F, (Fig. 131), made of media of 
different dispersive powers, but of equal refracting angks, 
a, yield spectra r v, v^, and let I), Bj, be the middle 
points of these spectra. If F have the greater dispersive 
power, r v is not as long nor as deviated as It is 

possible now to cut down the angle of F till its spectrum 
is of'the*same length as that ol C. Let F| be the new 
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prism yielding the spectrum equal in length to r t;. 
Let 0^ Dj be now less than 0 D, hence, on combining C and 

F, as in (4), we get a com- 
A bination which deviates, 

^ ^ but does not disperse. 

* The deviation 

^ ^ 03 D 3 = 0D-0jD^ 

A This fact was discovered 

?., Of by Hall in 1730, and first 

/ used by Dollond, a Loudon 

0 optician, in 1757. 

- ^ 

^Example. Suppose that C 
/ \ ^ and F are nade of crown and 

“■ 0;i flint glass respectively, and a 

/ Ff ^ r 9 1® small. The dispersion pro- 

0 diiced by C ~ (fiu — Ma ) a — 

*023 a (See table, Ait. 106). 

hA 7 ^ value of the angle 

^/ \ ^ / dispersion which it 

Or. produces « (fxu — AaO ^ =« 

/ C \// /?j *044/8. Since these dispersions 

I y < equal we have — 

OA ' jS=j 2 |?=. 0 - 62 a. 

V \ ' rt 

' ^ Therefore as combined in (4) 

/ - \ ^ Dj the deviation produced 

„ , =(#.»-!) a- Ox.;- 1)/S 

^ ‘‘A^/ Vs “ 0-534 a - 0-619 p 

1 \* t 0 = 0-634 a - 0-322 a = 0-21 o. 


" (3) Instead of cutting 

' Fig. 181 , down the angle of F, as 

described above, we may 
out it down until the mean deviation which it produces 


isljqual to that produced by 0. This gives us Fg, where 
Oj Dg « 0 D ; ^ 4^4 is still greater than r v, and hence 
on combining F^ with 0 we get ( 6 ), which disperses but 
does not deviate. The dispersion rgVg « ^ 4^4 — ^?. That 
1 % the beam of light after emergence from the com- 
bined prisms will continue approximately in its original 
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direction, bu,t the beam itself will be dispersed, and, if 
allowed to fall on a screen, will show a spectnim. Tfeis k 
the principle of the direct-vision spectroscope (Art. 169). 

< Example. Using the data supplied above, we have, if y be the 
angle of F.^, 

0*D ~ l)a « W - 1)7 
0-531 a 0'619 y 


Therefore as combined in (5) tlie dispersion pn)<]iiood 

- -023 a- -0147 

- -02.3 a- *038 a 
=53 — *0f5 a. 

The negative sign* s'lows that the dispersion is in an opposite 
direviti^ to that pnxiuced by C. 


U7. ju rrationality of d ig g erBion . If the dispoisive powers of two 
materijusbe ealciilatecl for several pairs ot stlejtecl rays it will he 
found that tlie ratio of the disjKJrsive povvov^ varies with the rays 
selected. This irrationality is sometimes voiy apparent, some media 
compressing the red end of the si^eotrum and exUrnding the violet 
end, others doing the reveise, and a few otliers giving sjtectra whoso 
colours are not in the usurd order. This last plicjioinonon is called 
anomalous d>s/wr.non, llcmco in general if the spent i a of tw'o prisms 
be feo arranged that the extreme rays are equally di^ant from each 
other, the intermediate rays of one spectrum wdl not exactly corre- 
spond in position witii tlie intermediate rays {;f 1 ho otli(*r. Hence also 
when the dispcision is destroyed in a prism or lens combination for 
a given pair of rays, tUeie is still left a residual dispersion of sonu* 
colours; the coluuicd images which are fonncil by these residual 
rays are known as secondary spectra. 


108. Dispersion in a lens. When a pencil of compound 
light is refracted through a lens, it Miflers dispersion just as 
in n‘fraction through a prism, 'finis, if a diverging pencil 
of sohfr light, P a 6 (Fig, 132), be incident on the convex 
lens L, then the red rays, being the least refrangible, ate 
brought to a focus at K, while the violet rays converge to a 
focus V nearer the lens. The orange, yellow, green, and 
blue rays converge to points intermediate between R and V, 
and thus, instead of the refracted rays all meeting in one 
focus, the rays of each colour converge to their own focus, 

U 
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and the image formed on a screen 'placed anywhere near 
y or R will be coloured at its edges. If the screen be 
placed anywhere near V, between the line v r and the lens, 
then the outer edge of the image will be red, but, if placed 
beyond vr, then the outer edge shows violet. This fact is 
taken advantage of in focussing an image on a screen. The 



Fig. 182. 


points V and R are very close together, and the best deji/ni- 
lion of the image is obtained when the screen is at v r. This 
adjustment is readily made by gradually changing the 
position of the screen until the colour showing at the outer 
edge of the image changes from red to violet. When this 
change of colour takes place the screen is in the position 
indicated by the line v r. 

This effect of the dispersion of light when refracted 
through a lens is called chromatic aberration and was a 
great source of trouble in the construction of optical 
instruments, until it was shown that it was possible to 
obtain deviation without dispersion; that is, that it was 
possible to make the rays converge to a focus without 
obtaining a coloured image. This result, as in the case of 
prisms, is achieved by combining two lenses of different dis- 
persive powers, and such that the chromatic aberrations 
which they singly prodiite are equal and opposite. For 
example, if a convex lens of crown glass (focal length, 
36 cm.) be combined with a concave lens of flint glass 
(focal length, 34 cm.), the combination is equivalent to a 
convex lens of about 49 cm. focal length, and the image 
produced by it is almost entirely free from all colour defects. 

n combination is said to be a 4 :hromatic» This subject 
:9rill be dealt with more fully in a later chapter (Art. 160). 
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109# Tho prismatic ' spectrum. The prismatic spectrum 
is the spectrum obtained by the decomposition of wjhite 
light on refraction through a prism. 

All radiant waves are capable of refraction and dispersion, 
and thus, when a beam of white light is refracted through 
a pi ism, the emergent beam is made up of a series of rays, 
separated and arianged in order of continuouslij increasing 
lefrangibility. Beginning at the less lefrangible end of the 
spectrum determined by this emergent beam, and travelling 
in the direction of increasing refrangibihty, we pass a gioup 
of rays known as the dai k heat i ays which do not excule the 
sensation of sight Then we come to another group, the 
rays of the visible spectrum^ vsungmg thioiigli the coloius 
red, orange, }ebi)w, green, blue, and violet. Tins gioup of 




rays, in addition to p</.sso.s^^iiig hea.ting properties, has tlie 
peculiar proj^eity of exciting tht^ optic nerve, and thus 
producing the sensation of siglit. In this visible spectrum 
the intensity of the light is ditlerent in diflerent parts, 
being a maximum in tlw^ yellow and gradually diminishing 
on both sides towards the red and violet, as sliowu by the 
ordinates of the intmsity curve of Fig. 133. Beyond the 
visible spectrum we come to the ddrk chemical rays or actinic 
rays, ‘These extend for a considerable distance beyond the 
violet, and are characterised by their power of producing 
chemical action in a certain class of substances. 

The complete spectrum may thus, at first, be regarded as 
made up of dark hea% luminousy and actinic rays. The only 
essential difference between these is that of wave-length,, 
which ccniinuoVfSly decreases from the first to the last. 
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110. Spectra of gases or vapours*. If a small quantity 
pt a substance such as strontium chloride or cupric chloride 
be brought into the non-luminous flame of a Bunsen burner, 
the salt will, owing to the high temperature, be vaporised 
and the flame coloured, crimson in the case of the strontium 
chloride and green in the case of the cupric chloride. If 
now this light be examined by a prism as in Art. 103 * it 
will be found that the image on the screen does not show 
every variety of colour, nor does it show merely the red or 
green parts respectively. It is indeed quite distinct from 
the spectrum already described, and consists of a number 
of lines (images of the slit through which the light is 
admitted^ whose positions are for the same substance 
invariable. The positions of the chief limes for strontium 



VIOLET 

6600 - 6500 4 POO 



Fig. 184. 


chloride are given in Fig. 134. The numbers supply the 
scale of wave-length in terms of tenth metres, t.e., 
10“^® metre, or in ten millionths of a millimetre. 

It is also found that each element when vaporised in the 
flame gives one or more (often a large number) of such 
lines, each and all characteristic for the given element, so 
that no two lines occupy the same position. In Fig. 135 
the position and relative strength of the lines for the metals 
sodium, lithium, potassibm, calcium, and thallium are 
given, as observed when a volatile salt of these metals is 
i&troduced in the Bunsen flame. For most other metals 
higher temperatures are required, and in these cases 
induction sparks are caused to pass between the poles of 
the metal in question. 

* For accurate work a ipeotrometer (Art. 16ft) should be employed.^ 
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To obtain the spectrum of a gas the gas is introduced into 
a dumbbell-shaped tube (Fig. 196), which is then sealed up 
and partially exhausted. The induction discharge ♦ is then 
passed between two terminals sealed into the ends of the 
tube, when the gas becomes incandescent. The light in 
the Central portion is examined as before. If the pressure 
is large, the spectrum is continuous. As the pressure is 
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Fig. 185. 

decreased the spectrum becomes discontinuous, and finally 
narrows down to a series of briglifc bands or lines, whose 
position is characteristic for each gas. 

It is often possible to recognise the presence of a 
substance by means of the colou^ which it imparts to the 
flame, though when several substances are present together 
one may mask the other. Sodium salts, for instance, give 
a bright yellow colour to the flame, which will completely 
mask the violet tinge given by potassium salts. But if the 
light from a mixture of substances be passed through a 

• Ree “ Higher Textbook of Magnetism and Electricity,” Arts. 
and 69. 
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prism, the lines of each appear in their proper places, and 
it is, possible to recognise each and all of them by measuring 
the position of the lines which are visible. 

Exp. 83. Place a little calcium chloride in a watch-glass, and 
moisten it with hydrochloric acid. Dip a clean platinum wire into 
the pasty mass, and then hold the wire in the hot part of the Bunsen 
flame.i Note the red coloration imparted to the flame. Repeat 
with the following metals : sodium (yellow), lithium (rose), potas- 
sium (violet), barium (apple green), strontium (crimson), copper 
(bluish or emerald green), thallium (green). Art. 166 deals further 
with this subject. 

111. The Solar Spectrum. If the slit be illuminated by 
sunlight a’ bright and appareritly continuous spectrum will 
be thrown upon the screen, but with a siVfiiciently narrow 
slit it will be found to be crossed by a number of dark * 
lines, some well defined and easily seen, others extremely 
thin, and only visible aftw careful focussing. These lines 
were first observed by Wollaston, but Fraunhofer in 1804 
was the first to •accurately map their positions in the 
spectrum, hence they are usually called Fraunhofer Lines. 
In position, and in distinctness also, these lines correspond 
in almost every case to the bright lines already spoken of 
as obtained fpom one or other of the elementary bodies. 

To fully understand the formation of these dark lines 
consider the following experiment: — 

An intensely white-hot substance is obtained and its spectrum 
thrown upon the screen. Between it and the prism is now placed a 
Bunsen flame into which a piece of common salt is inserted. Tbe 
sodium flame by itself emits light of a greenish-yellow colour whose 
wave-length is approximately 6893 tenth-metres. When, however, both 
sources are in action the continuous spectrum due to the white-hot sur- 
face is found to be crossed in tjie yellow by a well-defined dark line at 
the same place as had previously existed the bright yellow sodium 
line. The inference is that the amount of light proceeding from the 
sadium vapour is relatively so small that it may be neglected, and 
the only efiEect we have to consider is that which the presence of the 
vapour may have upon the rays proceeding from the white-hot body. 
It follows from tnermodynamic considerations that, if the white 


♦ The light is probably not absolutely wanting, but so faint as to 
appear dark by contrast. 
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source be hotter than the vapour in the Bunsen flame, the ether 
waves proceeding from the white-hot body will pass readily through 
the sodium vapour, except those vibrations whose wave-length norro- 
sponds to those of the screen of vapour. These are in a large measure 
absorbed or quenched in the screen and the dark line results. In the 
same way if the layer of vapour contains also lithium there will be an 
absorption at wave-length 6705 corresponding to the position of tho 
lithium line, and so on for each substance whose vapour is present. 

In the case of the sim the whit(‘-hot (3500° C.) radiating 
surface is the body of the sun itself, the photospherBy and the 
absorbing layer is an envelope or atmosphere of the cooler 
vapours emitted from the body of the sun, termed the chroino- 
sphere. We shall under sucli circumstances have the spec- 
trum of white light interspersed with dark lines correspond ng 
to all the substiyices so present in this layer of vapour. This 
is the explanation, due to KirchhofI (1859), of the existence 
of dark lines in the sun's spectrum, and the coincidence of 
these lines in position with those given hy various terrestrial 
elements convinces us of tlie exMence in the sun of a large 
number of the eloinents identical witji those which form 
part of the earth’s crust. 

Fig. 136 shows the positions of the best-deli ried Fraun- 
hofer lines. There are three well-marked liin^s A, B, 

Blue ~*^Green** Yellow^' Orange^ '• Beet * 
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Fig. 136. 

and C, in the red; one, D, in the orange; another, E, in 
the green ; another, F, in the* blue ; another, G, on the 
borderland of the blue and violet, and two lines, H and K, 
in the extreme violet. 

Of these A and B are due to absorption by oxygen in our 
own atmosphere, the rest are caused by absorption in the 
chromosphere as follows : C and F by hydrogen ; D by 
sodium vapour; E, IT, and K by calcium vapour; and G 
by the vapour of iron. 
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112. The invisible parts of the * speotrxun. (1) Tht 

actinic or ultra-violet rays, — If an ordinary photographic 
plate be exposed in the prismatic spectrum it will be 
found on development that the red light has had little 
effect upon the plate, which is, however, strongly affected by 
the blue and violet light * and also to a large extent by. the 
rays beyond the violet, these ultra-violet rays being par- 
ticularly able to decompose the sensitive silver salt (silver 
bromide), though not able to excite the sensation of vision. 
Glass prisms and lenses absorb ultra-violet light to a great 
extent, but if quartz prisms and lenses be used it will be 
found that the ultra-violet portion of the spectrum of an 
incandescent body extends to an enormous extent beyond 
the violet end of the visible spectrum, and lyhen solar light 
is employed it will be found to be crossed by dark lines, just 
as the visible spectrum is crossed by the Fraunhofer lines. 
Its extent may also, to some degree, be measured by means 
of a fluorescent body (Art. tl6). 

Ultra-violet light hlis intense chemical and electrical effects. 
The ultra-violet constituents of the light from an electric arc or 
spark falling on a negatively charged zinc plate causes it to rapidly 
lose its charge, and the radiation from a mercury arc-lamp, which 
is very strongly ultra-violet, rapidly charges the air through which 
it passes with ozpne. Note also the Finsen Cure for Lupus. It is, 
however, of interest to note that the decomposition of the atmospheric 
carbon dioxide which takes place in the leaf cells of plants with 
the liberation of oxygen is mainly effected by yellowish-green light. 

(2) The da/i'k heat or inf rorred rays, — In 1810 Ilerschel 
found that as he moved a small thermometer through the 
solar spectrum from violet to red, it showed only a little 
rise of temperature in the blue end of the spectrum, a little 
more in the green, a large rise in the red end, and even for 
some distance below the re(f end the thermometer was very 

sensibly heated. Since then Langley has done much* work 

• 

* In ordinary photographic work the inability of the ordinary 
plate to record colours in their correct luminosities is a serious 
dxawb^k in all work other than that of mere black-and-white. 
Special plates called orthoobromatio have, however, been manu- 
factured which, in conjunction with a specially prepared coloured 
screen, nearly reproduce the correct luminosities. 
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on the infra-red portion of the spectrum. As glass absorbs 
these dark Heat rays, he used prisms and lenses made of 
rock salt or fluorspar instead, and replaced the thermometer 
by a lamp-blacked linear thermopile * or bolometer.t 
Lampblack absorbs all the radiation which falls on it, 
hence the energy measured at any point is the total energy 
sent to that portion of the spectrum. 

If solar light be used the position of maximum energy is found 
within the visible spectrum, but if the electric arc or incandescent 
lamp be used the maximum is found some distance down in the infra- 
red, the distance being greater the lower tlie temperature of the 
source J This is well shown by Fig. 137, due to Langley, where the 



energy spectrum ot solar light is given by the irrilgular curve and 
that of the light emitted from the electric arc-lamp by the smooth 
curve. The extent of tlie visible spectrum is V B Y R. The big 
depressions in the former curve are due to absorption by the atmo- 
spheres of the sun and earth. If no absorption had occurred the 
solar spectrum would probably have followed the dotted line. 

Exp, 34. Send an electric current of gradually increasing strength 
through a platinum wire in a dark room. The wire soon becomes 
just perceptibly warm to the touch, then too hot for the hand to 
bear, and soon so hot that the heat radiated from it may be felt at a 
distance of several inches. But it is*still invisible. All the rays yet 
emitted are obscure rays. After a time, as the temperature increases, 


* See “ Higher Textbook of Heat,” § 97 ; “ Higher Textbook of 
Magnetism and Electricity,” 3 218. 
t See “ Higher Textbook of Heat,” § 109. 

J An exception to this occurs in the case of the sjiectrum of the 
electric spQir^ obtained by sparking between metals. Tn this case 
the position of maximum energy is in the ultraMolet 
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the wire becomes faintly visible, first as a-peculiar flickering “grey 
glow,” followed as the temperature rises by an emission of the 
extreme rod rays of the spectrum. With further rise of temperature 
the yellow and orange rays are added to the red and obscure rays, 
then follow the green, blue, and violet rays. The wire being then 
white hot and very near its melting-point the experiment must come 
to an end. This, considered in the light of the experiment with the 
thermometer in the various spectrum rays, shows that the varying 
thermal and luminous effects depend upon the frequency or wave- 
length of the emitted rays, and that the greatest heating effects are 
due to waves of low frequency and comparatively great length. 

It is thus possible to estimate the temperature of an 
incandescent body, the light of which is due to heat, by 
carefully noting its colour. As a body is heated the first 
colour, a dull red, appears at 525° 0. This turns to cherry 
colour at 800° C., and to a bright cherry at 1000° 0. 
Bright orange appears at 1200° C., white at 1300° 0,, and 
dazzling white at 1500° 0. and above^^ Intermediate tem- 
peratures may be read by if eans of a new instrument based 
on the above scheme, and called Tht Optical Pyrometer. 

Recent research shows that the visible spectrum forms 
only a small part of the whole spectrum. The variation of 
wave-length in the visible spectrum is from about 4000 tenth- 
metres in the violet to 7500 tenth-metres in the red. Ultra- 
violet rays have, however, been found of wave-length less than 
1000 tenth-metres, while infra-red rays have been found of 
lengths varying from 7500 tenth-metres up to 600,000 tenth- 
metres (‘006 cm.) The wave-length of the shortest electric 
waves hitherto obtained is about 5 mm. 

113. Transmission and absorption of radiation. Experi- 
ments show that when radiation of a definite kind is 
transmitted through a substance the amount transmitted 
decreases in geometrical • progression as the thickness 
increases in arithmetical progression — that is, each layer of 
the substance, of a given thickness, transmits the same 
proportion of the radiaticn wUch enters it. Thus, if I^ 
denote the quantity of radiation entering the substance, 
the amount which emerges after traversing unit thickness 
is I^a, where a is a constant. Similarly, on transmission 
through another layer of unit thickness it is reduced to I^a* 
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and therefore, after transmission through a layer of thick-' 
ness n the quantity of transmitted radiation is given Ijy — 7 
I = Ioa« 

The constant a has been called the coeficient of trans- 
mission, It is independent of the intensity of the incident 
hoitm and depf3nds only on the nature of the substance and 
the wave-length of the radiation employed. When radia- 
tion of a compound nature is transmitted by any substance, 
its various constituents are absorbed in different degrees, 
and thus the nature of the transmitted radiation is subject 
to continuous change. The character of this change is, 
however, such that the nature of the transmitted radiation 
tends to become constant 'and capable of further trans- 
mission withoift absorption. For this reason radiation 
wln’ch has passed through a thick plate of any substance 
passes readily with little loss through another plate of the 
same substance. 

jVbsorption, then, is the prime factor in the production of 
colour. If white light falls upon a 'plate which absorbs 
unequally the rays of different wave-length, the emergent 
light will be coloured. For coiisid( 3 rablo thicknesses the 
colour remains the same for different thicknesses, the shade 
becoming darker, but -with thin enough layers the colour 
gradually alters. Thus thin plates of cohalt glass trans- 
mit chiefly blue light, while thick plates transmit a 
preponderance of red. 

The light reflected from a body is also very often coloured. 
This is often due to the reflection not being wliolly super- 
ficial. A portion of the incident light penetrates the body 
for some distance, suffers internal reflection and returns to 
the front surface, from which it emerges in line with the 
reflected light. This portion has undergone absorption and 
henc 6 is usually coloured. 

Exp. 85. Admit a beam of white light into a dark room. Reflect it 
by a coloured surface and catch the reflected beam on a white screen. 
Observe that this screen now appears of the same colour as the 
reflecting surface. Note also the reflections of coloured shop-signs. 

A large crystal of sulphate of copper is transparent and 
deep blue, because it aljsorbs all but the blue components 
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of white light before the light has travelled very far 
throi^h it. But when the crystal is crushed to a fine 
powder, not only does it become opaque, but its deep 
colour is reduced to a pale Cambridge blue. The light 
cannot then penetrate far enough into the crushed mass 
for any great absorption to take place. So it is with other 
coloured crystals. When crushed they assume a much 
paler tint. 

114. Absorption spectra. There are many solid bodies which show 
a characteristic colour by light reflected without penetration from 
their surfaced, whereas thin films or plates viewed by transmitted 
light appear of a different colour. Such bodies are said to possess 
mrface coloui^ and seem to ha\e a preference for reflecting certain 
rays and transmitting others. Thus gold when burnished is yellow 
by reflected light, but if a thin film of gold (gold leaf) be examined 
by transmitted light it is of a dull green colour. Many of the 
aniline dyes exhibit the same phenomena, and if an alcoholic solu- 
tion of fuchsine (commonly c^led magenta dye) be allowed to 
evaporate to dryness on a glass plate it will be found that it 
transmits red light but reflects green. 

Solutions of salts in many cases appear coloured by transmitted 
light ; a solution of copper sulphate is blue, one of potassium per- 
manganate is a rose purple, potassium chromate is yellow. Such 
phenomena are in all cases due either to selective reflection or to 
telecthe absoj^ption, A body whose surface indiscriminately reflects 
all the rays appears white; the yellow colour of gold is due to 
the fact that most of the red, green, blue, and violet rays are trans- 
mitted and gradually absorbed, the predominant reflected rays being 
yellow. Similarly copper sulphate is of a blue colour because the 
rays of other colours contained in white liglit are absorbed in the 
solution and only the blue rays transmitted. 

Selective absorption can be readily illustrated by arranging a 
bright white light, prism, and lenses, as in Art. 103, to throw 
a pure spectrum upon a white screen and then interposing 
various substances in the path of the rays. The spectrum will 
be found in some cases to be ‘crossed by definite dark bands or 
lines, but in some cases whole portions of the spectrum will be 
blotted out. 

Another method is to throw an ordinary spectrum on the screen, 
and then insert in the path of the light between the prism and the 
screen a prism of the material under examination, the refracting 
of this prism being placed perpendicular to that of the former 
asm Exps, $2-8. The spectrum now obtained will be blotted out in 
places, and strongly carved on each side of these spaces. A little 
observation will show that for rays on the red side of the absorption 
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band the fefractive index is abnormally increased, whilst for rays: 
on the blue side the refractive index is abnormally decreased. This 
is Kundt’s Law. See also Art. 107. 

£zp. 86. Place the following bodies in the path of the light and 
observe the results enumerated below. 

Kuby glass .... Red light only transmitted. 

Cofialt blue glass . . . Red and blue rays only transmitted. 
Bichromate of potash * . . Red and orange rays only transmitted. 

Ammoiiio-sulphate of copper’^ Blue and violet rays only transmitted. 
Permanganate of potash * . Spectrum crossed by several dark 

bands in the yellow, green, and blue 
region of the spectrum (Fig. 188). 
Blood (dilute) • . . . Two dark bands in orange and yellow, 

violet end of spectnim blotted out. 
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Mails otlicr similar examples are presented by dyes and by fluids 
derived from organisms. 

The position of tliese bands is ju.st as definite and characteristic 
as the lines are in flame speedra, hence the spectroscope (Art. 163) 
may be used for the purposes of rceognising such bodies in solution. 

Many gases give absorption spectra, 'i’hus vapi^ur of iodine gives 
a large number of narrow dark bands and water vapour gives 
such a characteristic absorption spectrum that its appearance in the 
spectrum of the sky is looked upon by meteorologists as an almost 
certain forecast of rain. 

115. Fluorescence.t Jf a test tube containing a solutio n 

stilphate of c|uini jia be movecl along through a "spScJrum 
^ich is caSTon a screen, it will be ob.served that in the red, 
yellow, and green it appears r^d, yellow, and green respec- 
tively^. In the blue and violet a change appears, the solu- 
tion glows with a bluish light, and this bluish fluorescence 
exists even when the test tube is some distance into the ultra- 
violet, If the same solution be examined in sunlight, it 

* Dilute solutions of these substances should be placed in little 
parallel-sided glass cells. 

f The j>ame is derived from Jl%tor$^ar, the natural occurring form 
of calcium fluoride. 
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will be found to exhibit this fiuorescenne at its edges. This 
phenomenon was investigated by Sir G. Stokes, ‘ who showed 
that ‘the "alteration was caused by the quinine absorbing 
light-energy of oSiS" wave-length and emitting a part of it 
as light of longer wave-length. The quinine above absorbs 
ultra-violet light and rendei-s it violet. Similarly, chlorophyll 
will appear red in the blue part of the spectrum and 
uranium glass, yellow in the green portion. 

The fluorescenceT is invariaWy confined to the surface 
layers, the reason being that all the light which the sub- 
stance is able to attack is disposed of in the region near the 
surface, and that which passes on is therefore rendered 
inactive. 

If a spectium be thrown up on a screen painted with 
sulphate of quinine, it will be found to be much extended 
at the violet end, and, if solar light be used, dark absorption 
bands will be found at various places, just as the Fraun- 
hofer lines are found in ifee ordinary visible spectrum. 
Thus the ultra-violet region may be mapped. 

Many common substances afford examples of fluorescence. 
Among them we may especially note ordinary paraffin oil 
(blue), eosin (red ink, red), fluorspar (blue), and an infusion 
made from fresh horse-chestnut bark (blue). The yellow 
salt barium ^Mbinocyanide is largely used in X-ray work, 
since it fluoresces brilliantly in these rays ; and thus, if a 
dense object be interposed between a point-source of these 
rays and a prepared screen, a shadow of the object is thrown 
upon the screen, and, if the object vary in thickness, 
corresponding portions of the shadow will vary in intensity. 

Exp. 87. Chip some fresh horse-chestnut bark into a beaker of warm 
water. Note the blue colour of the solution. Take it out into the 
sunlight and concentrate light oh it by means of a large convex lens. 
Note the bine shimmer where the cone of light enters the solution. 

• 

116. Phosphorescence. In the case of bodies just con- 
sidered, the fluorescence ceases almost as soon as the bodies 
are withdrawn from the light; but in the case of some 
substances — ^notably the sulphid es of caldum, baripm, and 
itrontium — ^the emission of light wiff contixiue for some 
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hours after the excitin'g light has been cut oS, Baldiaiu's 
luminous paiM consists of a mixture of the above sulphides, 
and if a card coated with this substance is expcteed t!o a 
bright white light, or even ultra-violet light, and then 
taken into a dark room, it will emit a peculiar violet- 
coloured light, the rate of output of which is intensified by 
heating. The name phosphorescence is rather misleading, 
because the glow of slowly oxidising phosphorus is entirely 
a chemical change, while the phenomenon here dealt with 
is purely physical. The glowing of pure phosphorescing 
bodies is due entirely to the same cause as the glow of 
fluorescing bodies, fluorescence being only a phosphorescence 
which dies away more rapidly. To study the duration of 
the period during which they are luminous, Becquerel 
invented a phosphoi'oscope^ which consists of sectors revolving 
at the ends of a cylindrical darkened chamber. By means 
of this instrument a substance can bo exposed to the light ; 
then the light is cut off and tfte substance is viewed after 
any required interval. By this apparatus he showed that 
all substances are more or less phospli orescent ; and more 
recently Professoi* Dewar lias shown that siudi bodies as 
feathers, egg-shells, etc., phosphoresce brilliantly when 
cooled to the temperature of iitpiid air. 

117. The Emission of Light and the causes which produce it. 

I. The commonest method of causing a body to emit ligid is to 
raise it to a high temperature (cf. Art. 100 and Exp. 84). Jn a tianic 
tiie high teinpeniture is due to the result of chemieal action, in an 
electric incandescent lamp it is caused by passage of the current 
through a high resistance. 

The phenomenon of Oaljrescence is a variety of this method of 
'some historical interest. Profcs.'sor Tyndall found that if he passed 
the radiation from a hot body t}i!y)ugh a solution of iodine in 
carbon-bisulphide, and focussed the waves of long wave-length 
(which are the only ones to penetrate this solution) upon a piece 
of thin blackened platinum foil, the latter was lieated to redness. 
The invisible infra-red radiations are thus conveited in part, at 
least, into luminous radiations of much shorter wave-lengths, ibis 
was thought to be the converse of fluorescence, hence the name 
calorescence ; but it is obvious that the effect is a true temperature 
effect, for the infra-red radiations are poured into the foil faster^ 
than it can radiate them at low temperatures and a balance is only 
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ubtained when the teiT)|>orature of the foil has risen so high that 
It baa become incandesceut. 

* II* The.cases of the production of light other than that of high 
ten]{}crature are collected under the general term Luminescence. The 
different kinds of luminescence may be summarised as follows ; — 

(1) Photo-lnmi/tmoence. This is caused by the action of light. 
Fluorescence and Phosphorescence come under this head. The 
emisf'ion of light by a Welsbach mantle is supposed to be partly 
a true heat radiation, and partly phosphorescence. 

(2) Triho-hminesoenoe, This is due to mechanical effects such 
as friction, percussion, and cleavage. Simple instances occur when 
quartz-crystals are rubbed together, a lump of sugar is crushed, and 
mica is cleaved. 

(3) Mectro-luminetemce. This occurs in a vacuum discharge tube 
(see Art. 110 and Fig. 196). The glow in the body of the tube is 
probably produced by the impact tf negative corpuscles (see Foot- 
note, p. 248) against the gaseous molecules. At lower pressures the 
parts of the walls of the tube struck by the corpuscles also glow. 
In the same way many naturally occurring crystals glow when 
exposed to the radiations from radium and other radioactive bodies. 

(4) Chemi-lumineseence. This is usually duo to oxidation, the 
most noteworthy cases bein^ that of phosphorus, and decaying 
animal and vegetable piatter. 

(6) Th&rmo4umine$oence, This occurs when certain bodies are 
slightly warmed, the temperature being far too low to produce a 
red-heat. This effect is noticeable with diamonds and with fluorspar 
(particularly with the variety called chlorophane). 

(6) Animorluminesoenoe, * This is observed chiefly with the glow- 
worm, marine ksfusoria, and the firefly. The glow is probably duo 
to the action of an oxidising ferment. (See p. 26.) 

118. Colours of Bodies. If a piece of red cloth or a red 
poppy be held in the red part of the spectrum, it appears 
red. Held in the green or blue part of the spectrum it 
appears black. So, a green leaf is distinctly green in the 
green portion of the spectrum, hut is black elsewhere. 
Similarly a piece of cloth exhibits the colour which it hat 
in the sunlight only at that part of the spectrum which is 
coloured like itself. 

.These experiments show that a body which is red in day- 
light is able to reflect red rays only. As it appears dark 
in the green or blue light of the spectrum, it reflects 
no green or blue rays. The same reasoning applies to other 
colours ; a green surface reflects only green, blue only blue 
ray% and so on. 
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We now understand, with the help of Art. 113, the 
meaning of the colours which bodies are seen to exhibit 
in white light. White light is made up of manj' colours! 
When it falls upon a red surface, only that part of it 
which is red is reflected. The other spectrum colours are 
absca:bed by the surface. When a body appears yellow, 
we are to understand that all the colours except yellow 
are absorbed. 

So far we have assumed that the colours of bodies are 
simple, and not made up of a mixture of two or more 
different colours. It is difficult to obtain a pure green or 
a pure yellow or blue, and hence it often happens that 
when a coloured cloth is helcLin other parts of th^ spectrum 
than that whicji matches its colour, it appears coloured. 
A })iece of green baize appears bluisli in a blue light and 
yellowish in a yellow light, because most greens contain 
some blue and yellow in tludr composition. 

If a piece of cloth of different tints be looked at in a 
light which is deficient in one or more of the colours of the 
spectrum, or iu a light where one of the colours predomi- 
nates, it does not always look the same as when viewed in 
daylight. If the light lacks one of the tints which the 
cloth exhibits in daylight, then that partiiuilar tint cannot 
be refl(‘cted by tii(‘ cloth. In gas light yellowtfare brightast, 
because a gas-flame is chiefly a yellow light. But since a 
white body sec?n by yellow light appears yellow, the dilfer- 
ence l)etweon white and yellow by gas light is much les.s 
distinct than by the white ligiit of day. 

Wo have now no difficulty iu explaining the colours of 
transparent plates. A plate of rod glass l(*ts only red rays 
(pass through, a green plate transmits the green rays, and 
so forth. A blue plate does K£»t allow rod rays to pass 
through it. Hence, if a beam of sunlight be made to fall 
upon a piece of red glass, and if a piece of blue glass 
held in the course of the red light, it follows that as none 
of the red light can pass through the blue glass, the two 
plates together cut off all the light, and the sourco of light, 
if it is visible at all, appears black. This is found to be 
very nearly the case. 


15 
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Exp. S8* Look at a gas flame through two plates of different colours, 
blue and red, red and green, yellow and blue. The flame is 
invisible or nearly so, if the tints are sufficiently deep. It is difficult 
to get glasses of pure colour, so that ordinary red glass allows some 
other rays than red to pass through. Some of these may be able to 
pass through the second piece of glass. 

Observe that a white cloth appears red in a red light, 
because it reflects red, blue, green, or any other colour. In 
fact, it appears white in daylight because it reflects all the 
colours. 

119. Primary and complementary colours. A primary 
colour is defined as that whirfi cannot be imitated to the 
©y© hy the mixture^ of any other colours. • Maxwell showed 
that there are three primary colours — red, green, and 
violet— and that any other colour can be formed by mixing 
suitable proportions of these. 

Colour mixtures may fie effected in the following way : 
A spectrum is thrcfwn upon a screen which is provided with 
adjustable slits, which can be opened to various extents 
and also shifted to occupy different places in the spectrum. 
In this way beams of different colours are let through, and 
these can be combined by a judicious arrangement of mirrors 
and lenses. * Hewton's disc (Art. 121) affords another 
method. 

Any two colours which produce the sensation of white 
when they are mixed together are said to be complementary. 

If we open a slit in the yellow and move another slit up 
and down the spectrum, we shall find that when it is in the 
blue the mixture of the two beams produces white. Thus 
yellow and blue are complementary, so also are red anc 
greenish-blue, and green ^d purple. If, however, we mix ' 
yellow and blue pigments, the result is not white, but green. 
This is due to the fact that neither blue nor yellow pigment 
can be obtained of the same purity as in the spectrum. 
There is a little green in the composition of both of them, 
and while the yellow is mostly united with the blue to form 
white, there is some green left over, which accordingly is the 
resultant colour. 
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£zp. 39. Throw a continuous spectrum uix)n a screen. Cut away 
part of the screien, so that all the colours except red pass through. 
By means of a reversed prism (Art. 106, 1) and lens combine ail the 
colours that pass through the opening. Then the combined colours 
form a colour — greenish-blue — exactly complementary to the red. 

120. Theories of colour vision. Colour blindness. The commonly 
accepted theory of colour vision is that due to Young and Helmholtz, 
and it postulates that, just as there are three primary colours, so we 
have three sets of nerves by which colours are appreciated. The 
three colours to which these nerves respond are the red, green, and 
blue. It is to be noted that these are not the three primary colours. 



Red, green, and blue are therefore the three fundamental sensations, 
and the colour of a body simply depends upon the proportion in 
which the three sets of nerves are excited. Fig, 139— due to 
Captain Abney — shows that each region of the spectrum exercises 
all the sensations to varying degreeSj and if we find a number of 
p(»ints Ui the .spectrum such that the sum of the red-sensation ordi- 
nates is equal to the sum of the green-sensation ordinates, and a^so 
equal to the sum of the blue-sensation ordinates, the combination of 
the colours at these points would result in white light. 

If one set of nerves is absent or inactive, the person is said to be 
colour-blind. Suppose, for example, a man is red-blind (this is the 
commonest form of colour-blindness), then he has no sensation 
corresponding to the curve R S (Fig. 139), and therefore the red 
constituent of all colours is unappreciated. To such an observer 
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the point S in the spectrnm appears white, for the ordinate J H is the 
jsant^e both for blue and green sensations, and, according to him, the 
spectrum' is composed of two colours, yellow and blue, and other 
colours which are more or less shades of these. Red to him is only 
dark yellow, and very often the spectrum is considerably shortened 
at the red end. Green is rather muddy yellow, and the middle of 
the spectrum (around S) is white or grey, while the violet he prefers 
to call dark blue. Of course colour-blind persons learn by experi- 
ence to give many colours their proper names, but in some occupa- 
tions, such as engine-driving and signalling, colour-blindness is such 
a great defect that candidates for such posts are carefully weeded 
out by tests both with the spectrum and with coloured skeins of 
wool, 

121. Becomposition of wMte light. The experiments 
we considered in Art. 108 Vere analytical. We have 
determined the composition of white Sight by decom- 
posing it into its constituent coloured rays. But there are 
many ways by which we can reverse the process, that is, 
we may start with the separate colours, and recombine 
them into a beam of white light, thus effecting a synthesis : 

1. By the use of a second prism exactly like the first, but 
with its refracting edge turned in the opposite direction, as 
in Fig. 130. 

2. By receiving the spectrum on a line of plane mirrors 
so that a sepsrate colour falls on each, and then inclining 
the mirrors so that all the coloured rays are reflected to 
the same spot on a screen. 

3. By interposing in the course of the spectrum rays an 
achromatic lens. A cylindrical lens with its geometric axis 
parallel with the slit gives the best results. 

4. By Newton’s disc. This is a circular disc of cardboard 
divided into sectors painted with the colours of the spectrum 
and attached to a whirling table. When the disc is rapidly 
rotated it appears nearly white, not because there is any 
real mixture of colours, but because of the fa6t that 
Itlminous impressions on the retina of the eye persist for a 
small fraction (about of a second, so that before the 
impression due to any one colour has died away it is 
succeeded by all the other colours. Thus there is a 
physiological though not a pliy.^icnl blending of the colours. 

&. By combining complementary colours as in Art. 119. 
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122* Tho rainbow, ' When the sun is shining upon a 
cloud of rain or on the spray from a waterfall or fountain^ 
an observer standing with his back to the sun, arid facing 
the rain or spray, often sees a circular arc of colour 
apparently in the midst of the water drops. Such an arc 
is called a rainbow, and is due to the rtfh'ction ami 
refraction of the light falling upon the drops of water. 

Let us now consider ^^hat happens when a parallel beam 
of light coming frem a d staut point (Fig. 140) falls upon a 
spherical drop of water whose centre is 0. 'riic ii»y Sa 
incident along the 1101 inal will he iellect<d hack along its 



former path. Rays S6, Sc, Sc?, Sc . . . will suffer refraction 
on entering the drop, internal reflection at the back, and 
refraction on leaving, and will emerge in varying directions 
B, c' C, (S D, e' E. , . . The deviation of the ray Sa is two 
right angles. Considering the other rays, it con be shown 
by accurate construction or by mathematics that the 
deviation of the rays decreases as we move out thro^gli 
abode until a minimum is reached; after that it again 
increases. Now the deviations of the rays on each side of 
the ray of minimum deviation are all very nearly equal to 
the minimum deviation, so that an approximately parallel 
beam emerges in the direction (/ D, (f D, and if an observer 
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is situated along these lines he will r^eive a l^rge quantity 
0 / light. 

Let ScJRci'D (Fig. 141) be the ray suffering minimum 
deviation 



<^=180-2 (Z RT<2) = 180-~2(2r~i) = 180+2i-4r. 
Plot a curve between and i. The curve is convex 
towards the axis of t, tMe minimum value of </> being 
about 138° • 

All other drops which yield this minimum deviation 



wilVlie on a circle M OR (Fig. 142) which forms the cross 
section of a cone whose semivertical angle is Q where 
9 -f ^ 180° Thus a circular arc of light will be seen, 

the centre of which is the point in the heavens exactly 
opposite to the sun. A complete semicircle is therefore only 
seen by an observer on the earth when the sun is on the 
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horizon, but from a balloon a complete circle may often be 
observed. So far we have considered only monochromatic) 
light. Since, however, refraiigibility depends oh wave- 
length, the angles of minimum deviation will be different 
for different colours, so that a spectrum-coloured circular 
arc is seen. Violet light is more deviated than red, hence 

^ therefore Or > so that the radius of the red 

arc is greater than that of the violet. Calculation gives the 
values of tf,., 0^ as and 41® respectively, which are sub- 
stantiated by actual measurement. 

123. The Secondary Bow. Light may also reach the eye 
after two reflections inside drop as shown in Fig. 143, 



The deviation in this case is greater than 120®, and as 
before a position of minimum deviation occurs, making the 
light a maximum along the direction which it determines. 
This yields a bow concentric with the primary bow. The 
violet deviation being as before greater than the red, the 
angular radius of the violet arc fs greater than that of the 
red, the numerical values being 64® and 61® respectively. 

The space between the two bows is darker than the spacet 
within the primary bow and without the secondary bow. 

In the same way as the above we may have bows arising 
from three, four, five, etc., internal reflections within the 
drop, but they are very faint, and are rarely or never seen. 
Since the sun is not a point source of light, the rainbow i# 
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not a pure spectrum, and if it should happen jbhat the sun 
ip shining through a thin cloud — which has the effect of 
increasing the diameter of the source of light — the rainbow 
is nearly white. 

Exp. 40. By means of a tank of water and a piece of glass tubbing 
of about 1 mm, bore, obtain a vertical downward-flowing smooth jet 
of water. Place a flame — a candle will do — ^about 4 feet from tlie jet. 
and place the eye close to the jet with the back of the head towards 
the candle, taking care not to block the light. The primary and 
secondary rainbows will be seen together with a large number of 
spurious bows. By means of pins and paper map their directions 
and oonflrm the values of the angular radii given above. 


124. Lunar rainbows are also occasionally seen. Owing 
to their faintness they usually appear destit*dte of colour. 

The large circular rings or I/alos which are sometimes 
seen around the moon, and more rarely around the sun, 


are due to refraction through tiny hexagonal ice crystals. 
The smaller brightly comred circles or Coronas seen 
close round the mdon, especially when it is full, are due 


to diffraction effects produced by very small water drops 
in high clouds; their formation lies beyond the scope of 


the present book (see Art. 134), 


The ice crystak being in the shape of hexagonal piisms, and the 
refractive index of ice being 1*31, light which enters at one prismatic 
face cannot emerge at the next, but it may at the next but one, and 
of course at the one opposite and parallel to it. Considering two 
alternate faces it is evident that the crystal will act like a 60*^ prism ; 
and applying the formula— 

. D + A 
sm-^ 

.““2 

for ^ht passing through at minimum deviation, D is found to 

14 therefore a thin cloud of such crystals exists, the axes of many 
of the crystals being perpendicular to the line joining an observer 
to the moon, be will receive scarcely any light refracted through 
.these primns except at a point about 22^ from the moon ; and hence 
a brignt circle of xadios 22^ will be seen. The theory would make 
the circle of light coloured as in the case of the rainbow, but as 
a rule the only oolour seen is a red tinge on the inside of the circle^ 
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£xp. 41. Measure the ahgnlar diameter of a Halo. Be on the look- 
out for halos around the moon, and when a good one appears take 
a foot-rule and a set-square of between 4 and 7 inches side, Plac4 
one end of the scale close to the eye, and sight the edge straight 
at the moon. Place tiie set square so that one of the sides enclosing 
the right angle may slide along the edge of the scale, and move the 
square forwards and backwards until the angular point not in contact 
with the scale just reaches out to the halo. Make sure that the 
scale is still pointing straight at the moon, and then take the reading 
of the point of the square at the right angle. If this is y, and the 
length of the side of the square standing out from the scale is x, 

the angular radius of the halo is tan“^il. Therefore the angular 

y 

diameter » 2 tan”^ -. If ar is about 5 inches, y will be about 

y 

12 inches. 

125. The scattering of light by very fine particles. * It can be proved 
experimentally in the ca.se of sound waves and rnatbeniatically for 
all wave motion that the smaller the wave-length of any radiation 
the more perfectly will an obstacle 8t«ip the waves and scatter them. 
Red light has a wave-length double that of viqlet light ; lienco wlien 
white light is travelling through a medium containing very fine 
particles in suspension we should expect the scattered light to have 
a blue tint and the transmitted light a rod tint. This is borne out 
by the facts that street lamps look very red in a fog, and the setting 
sun appears redder as it approaches the horizon. Also the smoke 
from a lighted cigarette or wood lire, a distant hazf> and a reservoir 
of water containing very fine particles in suspension look blue. The 
colour of the sky may be explained in like manner, the scattering 
iti this case being due either to fine salt particles, to fine metallic 
dust from meteorites, or to the gaseous molecules themselves. 

A pretty experiment to illustrate the colour of the setting sun can 
be performed by illuminating a screen by a parallel beam of white 
light from an optical lantern, and then inserting in the path of the 
beam a glass cell containing a freshly-made dilute solution of sodium 
thiosulphate— the “ hypo ” of the photographers— to which a little 
dilute hydrochloric acid has been added. Precipitation of sulphur 
gradually occurs, and the image on the screen gradually changes 
colour to orange and to red, and finally i"* obscured. 


Bee also Art. 163. 
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Examples vn. 

“ • , 

. 1. Draw the section of a prism. Draw also the section of a beam 
6f sunlight passing through the prism, and show by your sketch how 
this light is acted on by the prism. 

2. A spectrum cast upon a white screen is looked at through a 
purple glass. What appearance does it present, and what is the 
c^se of this appearance 7 

8. How would you disprove experimentally the assertion that white 
light passing through a piece of coloured glass acquires colour from 
th^ glass; What is it that really happens? 

1. If you hold one piece of glass up to the sun it appears dark red ; 
if you hold another up to the sun it appears dark blue. If you put 
the two glasses together you cannot see the sun though them at ail. 
How is this? 

6. A lamp-frame, looked at through a glass prism, appears to be 
coloured blue on one side and red on the other. Draw a picture 
tracing the rays from the lamp to the eye, and showing which side 
of the coloured image is red and which side is blue. 

6. Given a powerfuf source of light, such as a lime-light or an 
electric-light, explain how you could obtain a spectrum of it on a 
screen. 

7. Describe an experiment proving that white light is compound. 
How can it be shown that the constituents into which it is resolved 
are not likewise Compound ? 

8. Describe how you would proceed to examine the spectrum of a 
salt. What variations in your method would be necessary if you 
wished to examine the spectra of (i) gases, (ii) metals. 

9. If a shower of very small glass equilateral prisms (/i » 1*65) 
fell between you and the sun, what would be the general effect ? 
Calculate the angular radius of the halo seen. 



EXAMINATION QUESTIONS 
Questions set at various University Examinations. 

1. Find the dispersion produced by a thin prism of anjjfle 16® 
having a refractive index for red light of 1*6 and for violet 
lijiht of I'G. 

2. Define the term Spectrum. What is a pvre and what is an 
impure spectrum? Describe a method of procuiing a pure spectrum 
and explain why your arrangenmnt attains this object. 

3. Give a drawing showing how wiiife light is dispersed by a 
prism. 

The image of a very small source of white light is thrown on to a 
screen by a convex lens. If the .screen is brought nearer the lens, 
the spot of liglit is enlarged to a round j)atch, and its edges is 
coloured. How do aou exi)lain this 

4. Define “dispersive power.” Explain how to combine prisms so 
as to produce (/^) deviation without (iispersiun, {h) di.spersion with- 
out deviation of a given mean ray. 

5. Show that it is possible to make an acdiromatic prism with 
two sorts of glass. 

6. By what experiments w^iuhi you sliow that the radiation 
from an arc lamp exteiuis beyond red at one end, and beyond 
violet at other end of the spectrum? In what respect do these 
invisible radiations differ fr«»m the visible ra<liatioiis 1 

7. What evidence i.s theie that radiant heat is ph>sically of the 
same nature as light ? 

B. To what are the colours of objects as ordinarily seen due— 
.iTor instance, red glass, blood, red cloth, red copi)cr? 

9. What is meant by phosphorescence, and by what means did 
Becqueifel observe it? 

10. A round stick one inch in diameter is placed vertically with 
its centre 6 in. in front of a vertical screen. At a distance of 1 foot 
from the screen two sources of light, one blue and the other yellow, 
are so adjusted that the two sha<low8 of the rod due to them over- 
lap to the extent of J inch. Draw a diagi-am approximately to 
scale of the shadow on the screen, and describe the colour effects 
visible on It. 


286 
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11. How would you arrange an experimenfc to determine the 
percentage of light that is transmitted through a neutral-tinted 
glass plate? 

If a plate of such glass allowed 40 per cent, of the light inci- 
dent upon it to pass through, how much light would be transmitted 
by a plate of the same glass of four times the thickness, assuming 
that no light is lost by reflection at the surfaces in either case ? 

12. Define the coefficient of transmission of a substance for 
radiation. If a plate of blue glass one millimetre thick transmit 
half the radiation from a gaseous sodium flame which falls on it 
what is the coefficient of transmission 7 Does it follow that the 
plate would transmit half the radiation from a lamp ? 

13 (a), A snow-covered landscape when viewed through a piece 
of red glass appears red. How does the glass produce such a 
result ? Hc^w would you verify yotfr explanation by experiment ? 

(b) Bed light is found to penetrate a fog mo^e effectively than 
light of any other colour. This being so, would the penetrating 
power of an arc lamp be increased by passing its rays through 
red glass? 
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VELOCITY, OP LIGHT. 

126. The velocity with wliich light travels through any 
inediuni is inconceivably great, but varies with the nature 
of the inecliura. Tlie velocity in vacuo is taken as the 
velocity of ligltt, and the velocity in any other medium 
may tlien be determined, as explained in Art. 63, from the 
absolute refractive index of that medium. For, if V 
denote the velocity of light in vcayuOy and its velocity 

in any given medium, then — 

A' 

V m 

where fjL denotes the absolute I’efractivo index of the 
medium. 

Hence, if we can determine the velocity of light in any 
medium, such as air, we can c^ilculate its velocity in any 
^other medium, or m vacuo. 

The velocity of light has been determined in tliree general 
ways: — 

(l)*From observations of celestial phenomena. 

t2) By direct terrestrial experiments. 

(3) By indirect electincal methods, the consideration of 
which is outside the scope of tliis book (cf. Stew^art, Mag- 
netism and Electricity,” Art. 1 94). 

The first and last of these give, approximately, the 
velocity in vacm, the second the velocity in air. 
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127. Determination of the velocity of light from observa- 
tions of celestial phenomena. The first computation of 
the' velocity of light by this method was made, in 1675, by 
Boemer, a Danish astronomer. Ho deduced his result from 
observations of the eclipses of Jupiter's first satellite, lo. 
This satellite is eclipsed to us once during each revolution 
when it passes behind the planet into the shadow cast by 
the sun. This occurs at intervals of about 42 hours. The 
instant at which the eclipse should take place can be accu- 
rately calculated from dynamical considerations based upon 
the mean of a large number of observations. Roemer timed 
the eclipse when the earth was in that part of its orbit 
nearest to, Jupiter, and from tiiis time calculated the times 
of the eclipses which would occur throivghout the year. 
During the succeeding months he sot himself to observe 
these eclipses and he found that the observed times were 
always later than the calculated times, and also that the 
difference between these t'wo times vaiieJ with the relative 
position of the earth and Jupiter. From a careful analysis 
of the observations it was found that the difference between 
the observed and calculated times, increased as the earth 
moved away from Jupiter, reached a maximum about sixth- 
elevenths of a year afterwards when the distance between 
these two bodies had attained its greatest value and gradu- 
ally decreased again to zero in another six-elevenths of a year 
when the earth was again in a position nearest to Jupiter. 
From this it is evident that the interval between the actual 
occurrence of the eclipse and the instant of its observation 
on the earth is equal to the time taken by light in travelling 
from Jupiter, or rather from Jupiter's satellite to the earth. 

Let S (Fig. 144) represent the sun, B„ E^, the orbit of the 
earth, and J„ J^, J, that of Jupiter. Both earth and Jupiter move 
round the sun in the same direction; the times of revolution being 
one and twelve years respectively. Starting with the planets in 
cowjnnction at B„ Jj, they will be in opposition at Eg, J, six-elevenths 
of a year later and again in conjunction at E,, J, twelve -elevenths of 
a year after the previous conjunction, and it is now evident that as 
the earth moves to Eg and Jupiter to J, the observed times of the 
eclipse lag behind the calculated times, the lag being a maximum 
at Eg, Jg. As the motion still ensues the lag decreases and by the 
time the earth and Jupiter have reached to the positions B9, J, the 
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observed and calculated times once more agree. It is also evident 
that the maximum difference between the calculated and observed 



times is equal to the (UfTerenoe in Mk* times taken by lifrht in 
travelling? the distanecs J, E, and ,7^ E,, fxinal to the time taken 
in travelling a equal to the* diameter of the earth's orbit. 

The (liaiiioter of the earth’s orldt is about 185,000,000 
miles. 1'*Jje eclipse at E 2 is alvvaj;s about ]r)*5 minutes later 
than the time calculated from observations at Ei, Hence 
we have — 

Velocit}* of light » — railcs iwr second. 

This gives a velocity of about 187,000 miles per second. 

About fifty years after the time of Roemori, Bradley, the 
Eiiglish astronomer, gave an explanation of the phenomenou 
of astronomical aberration^ based on the fact that light 
travels through space with a definite velocity. This 
phenomenon is duo to the fact that both the earth and 
light travel through space with definite velocities, and 
hence the direction in which light from a star reaches the 
earth will be in the direction of the velocity of the light 
relative to the earth. Thus, if 4, (Eig- 145) represent the 
position of the earth when light from a star, S,* starts 
h orn S', and if the velocities of the earth and of light be 
such that the former travels from A to B while the latter 

* Many of the stars are at such great distances from the earth 
that, neglecting aberration, they are apparently s^n in the same 
direction whatever the position of the earth in its orbit. The 
distance of the nearest fixed star is greater than 200,000 times the 
distance of *the sun. 
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travels from S' to B, then the direction in whicli the star 
is seen from the earth is parallel to A S', and not to 
the true direction, A S". 

^ From our construction it is evident 
^ that — 

A B _ VelocitT of the earth 
B 8' ”” Veiocit.v of light 
and, when the angle S" A B is a right 
angle, tl)at is, when the true direction 
of the star is at right angles to that 
in which the earth is moving in its 
orbit, we have — 

tan B S' A = tan S’ A S", 

B 8 t 

and the angle S' A S" is called the 
ahemition of the star. 

Hence, if V denote the velocity 
of lifbt, and v the velocity of the 
earth in its orbit, we get — 

1 * tan e, 

where 6 denotes the aberration of the star. 

Of the quantities involved in this relation v and 6 can 
be determined by astronomical observation, and V can then 
be calculated. 

Aberration is perhaps more clearly understood if we consider a 
man running through a shower of rain falling verticall)% The drops 
will strike him in the face (or he will strike his face against the 
drops), and the rain will therefore appear to him to come from 
a point not straight above him but somewhat in front. The effect 
depends entirely on the velocity with which the rain is falling when 
it Teaches hivi^ not on how l^ng it has been falling. So the dis- 
placement of a star by aberration is the same for all stars, and quite 
independent of their distances. As the star is never seen in its true 
pogition the angle cannot be measured direct. The angle measured 
fa the angle between the apparent positions when the earth moves 
in opposite directions. This of course is double the aberration, and 
has been found to be 20*44 seconds. 

The value obtained for Y by this method is about 
186|U00 miles per second. 
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128. Biieot .determmation of the velocity of light 
terrestrial experiment. Two distinct methods have been* 
devised to determine the velocity of light by direct 
experiment. 

L Fizeau’s method. The principle of this method is 
sjmple. Let S (Fig. 146) represent a source of light and M 
a plane mirror. Now if a ray of light, S M, be incident 
normally on the mirror M, it will be reflected hack along 
M S, and an observer behind S will see an image of S in 
the mirror. But, if a toothed wheel, having the teeth 



and spaces of equal width, be interposed at W in the 
position indicated in the figure, it may bo rotated at such 
a rate that the light incident through any space will, after 
reflexion, be received on the back of the next tooth, and 
thus no image of H will be seen in the mirror. When this 
is the case it is evident that during the time taken by the 
wheel to rotate through the angular width of one of the 
spaces, light travels from W to M and back again. Hence, 
to det(Tmine the velocity of light, JFrom this experiment we 
have that — 

V 2 WM 

t ’ 

where < denotes the time in which the wheel rotates through 
the angle subtended by one of the spaces, at the centre of 
the wheel. 

It is further evident that if the wheel be rotated at 
twice the above rate the reflected ray will pass through 

16 
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the next space^ and the image will again become visible^ 
.an^ if rotated at treble the rate extinction again takes 
place, ahd so on. 

. In the application of this principle Fizeau employed 
somewhat complicated apparatus, the essential parts of 
which are shown in Fig. 147. A source of light, S, was 
placed so as to send a beam of light down the side tube t 
on the mirror w, made of unsilvered glass. This mii-ror is 
inclined at an angle of 45° to the axis of and reflects the 
light along the main tube T on to the lens L. The position 
of this lens is so adjusted that the rays emerge parallel, 
and after traversing a distance of about 5| miles, fall on 
the lens which causes 'them to converge through the 



tube ly on to the mirror M, from which they are reflected 
back along the path by which they came. On reaching 
the mirror m the light is partially reflected to S, but a 
portion passes through and reaches the observer's eye at E, 
after passing through the lenses I and l\ which are adjusted 
to give distinct vision of the image. 

The wheel, placed at W, is driven by clockwork, and by 
adjusting its rate of rotation the image can be made to 
disappear and reappear successively several times. The 
wheel employed by Fizeau had 720 teeth and 720 spaces, 
the width of the latter being equal to that of the former. 
The distance W M was about 8,663 metres, and the first 
eclipse of the image took place when the wheel revolved 
12*6 ti^es per second. IJence, the time taken by the 
wheel, to rotate through the angle subtended by one of the 
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spaces is g — of one second In this time light 

travels from W to M and back again, a distance of 
2 X 8,663 » 17,326 metres. Therefore, for the velocity 
of light we have — 

V 17,326 X 2 X 720 x 12*6=* 314,000,000 metres per second. 
This result, obtained in 1849, is about 195,000 miles per 
second, and is somewhat in excess of the result obtained 
by more recent experiments. 

This method has one great defect, arising from tlie fact 
that it is impossible to determine the exact rate of rotation 
of the wheel at which extinction of the image takes place. 
The rate can be appreciably varied without allo\ving the 
image to become visible, because tlie quantity of light 
reaching the eye, when the rate of rotation is approximately 
equal to that producing exact extinction, is too small to 
affect the retina. In some rece^jt experiments by Messrs. 
Forbes and Young this defect was removed by arranging 
the apparatus so that two images, formed by miiTors at 
differ^mt distances, could be seen. The rate of rotation of 
the wheel was then adjusted until tlie two images appeared 
(jf the same intensity. This method was found more 
practicable, and gave more trustworthy results. The 
method of reducing the observations is rather diflicult, and 
need not here be considered. The moan value obtained 
for V was 301,400,000 metres per second. 

In 187G M. Cornu carried out a careful determination by 
Pizoau’s original method, but on a larger scale, the distance 
WM (Fig. 147) being 15 miles, and found the value of V 
to bo 300,330,000 metres per second in air, corresponding 
to 300,400,000 metres per second ^n vacuo. This result is 
also too high, more recent work having shown it to be less 
than 300,000,000 metres per second. 

II. Foucault's method. This method is somewhat more 
complicated both in theory and in practice. Adopted in 
1850 it utilises the principle of the rotating mirror as first 
employed in 1834 by Wheatstone, to determine the duration 
of the electric spark. The principle of the method is as 
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follows: — Solar light is transmitt^ through a narrow 
•rectangular aperture s (Kg. 148), down the middle of which 
exten(fe a vertical wire. The light proceeds through the 
achromatic lens L, falls obliquely upon a plane mirror 
and then comes to a focus at M. At M is placed a concave 
mirror whose centre of curvature is at c, the middle point 
of wi. For a certain position of m, a pencil of light, s c, 
starting from s is reflected from m to M (the central ray 
being incident along the normal c M), and then reflected back 
along the same path to a. For convenience of observation 
a thin parallel plate of glass is inserted between L and s at 
an angle of 45° to the axis of the central ray, so that the 



reflected beam is in part reflected and comes to a focus at 
a, which can be observed through an eyepiece, b. 

If now the mirror m be made to revolve it will pass 
through the position just considered once in each revolution, 
and therefore an image of a will be seen, for an instant, 
once in each revolution. When the revolutions become 
sufficiently rapid (abou^ 30 per second) these quickly 
succeeding images persist on the retina, and blend into one 
permanent image, still seen at a. When, however, the 
s^ed of rotation is gieatly increased, the miiror, w, turns 
through an appreciable angle while the light is travelling 
from 0 to M and back again. For example, if the mirror 
turn through the angle 0 while light travels from o to M 
and back to c, then the ray M e wul not be reflected along 
but along o a\ and the eye at E sees the image of a at a'. 
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ilence, if we can determine the angle acsf and the distance 
c M, we can ci^lciilate the velocity of light. For, by Art. 
31, the angle sea' « 2 and light travels a distance 2fc M* 
during the time that the mirror revolves through an angle 
If the mirror makes n revolutions per second, then tlie 
angular velocity per second is 2 tt w, and the time in which 
the angle 6 is described is given by — 

a 

t = seconds. 

2irn 

Therefore, if c M be denoted by 1, the velocity of light is 
given by — 

^ 22 4 IT n 2 

V =s — •*» . 

t 0 

Of the quantities involved in this relation, n and I are 
readily determined, and 0 is equal to ^ {sca^). In practice 
it would be very difficult to measure sea' with any accuracy, 
but no difficulty is incurred in ai| accurate measurement of 
a a' which equals ss', and 6 is then evaluated in terms of 
the several distances involved. These distances are easily 
measured, and thus V can be calculated. 

In the actual experiment the distance c M was 20 metres, 
the mirror was a piece of silvered glass, and was rotated by 
means of a small air turbine. The deflecifion aa^ only 
amounted to 0*7 mm., but by means of the micrometer 
eyepiece this could be read to an accuracy of 1 in 150. The 
result finally obtained by Foucault was 298,000,000 metres 
per second. 

In 1880 Professor A. A. Michelsoil, of the United States 
Navy, introduced great improvements in Foucault^s method, 
the chief being the transference of the lens L from its 
position in Fig. 148 to a position ^between c and M. In this 
way the distance cM could be greatly increased (a 
distance of 2,000 feet was attained) without any diminiitjon 
in the brightness of the image. A deflection of 133 mm. 
was obtained, the plate of glass and micrometer eyepiece 
could thus be discarded and aaf directly measured. The 
rotating mirror was driven by an air turbine under perfect 
controli and its speed was measured by an electrically 
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driven vibrating tuning-fork. His final result is 

299.882.000 dr 60,000 metres per second. 

Frofeiiisor Newcomb (1882) further modified the method 
by using a cubical mirror so that the brightness of the 
image was increased fourfold, and the distance cM was 
further increased to 12,000 feet. His value of -V is 

299.810.000 d: 60,000 metres per second. 

Taking the mean of the best determinations we get the 
velocity of light in air to be 299,890,000 db 60,000 metres 
per second; this corresponds to a velocity in vamo of 

299.970.000 d= 60,000 metres per second. In English 

units the velocity in air is 186,350 d= 40 miles per second. 

« 

129. Connection between the velocity ef light and the 
refractive index of the medium. If a long tube containing 
water or other transparent medium be placed between c 
and M (Fig. 148), the displacement, from a to a\ will be 
greater or less, according as the velocity of light in the 
given medium is dess or greater than the velocity in air. 
Experiment shows that light travels more slowly through 
a dense than through a rare medium, that is, the greater 
the refractive index of the medium, the less is the velocity 
of light through it. 

Foucault, Vho was the first to carry out the above 
experiment, did not succeed in measuring the ratio of 
the velocities. This was left for Michelson; he used a 
tube of water 3anetres long and found the ratio of the 
velocity of light in air to that in water to be 1*330. 
Experiments on other transparent bodies have yielded 
similar results. 

The question has also arisen whether the velocity of 
light of various colours *is the same in air (or in vacuo) ? 
Evidence shows that the velocities are identical, for if not 
atr..an eclipse of a star or at its reappearance it would 
appear coloured, and the image in Foucault's experiment 
would be dragged out into a spectrum. In other media 
the velocity is greater for red rays than for violet rays ; 
thus Michelson found that red light travelled about 
9 per cent, faster than blue light in carbon bisulphide. 
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* 130. Theories of the nature of light Many of the 
effects of light and many crude optical instruments were 
known to the ancients, but of the theory of optics they 
were wholly ignorant. Pythagoras (b.o. 540-510) and 
Plato maintained that vision w«as a threefold phenomenon. 
Their idea was that the eye sent out a stream of potency 
or divine fire which combined first with the light of the 
sun and then with the emanation from the third body, 
the second combination completing the action of vision, 
Aristotle, in b.c. 350, struck the right chord by maintaining 
that light was not a material emission from a source, but 
a mere quality or potentiality of a medium existing between 
our eyes and the body seen.. © 

• 

131. The emission or corpusculary theory of light. In 

more recent times Sir Isaac Newton (1642-1727) upheld 
the corpuscular or emission theory of light. Light was 
supposed to be a swarm of <|orpuscles ejected from a 
lutuinous body at a great speed, and these corpuscles on 
entering the eye excited the sensation of vision. In open 
space their motion is rectilinear, but near material surfaces 
the motion proceeds along curves, this being duo to (dthor 
a repulsion or attraction of the corpuscle by the matter in 
question, a property which only extends to al^hort distance 
from the surface. 

Lot us now consider what happens to a corpuscle when it ap- 
proaches a polished surface A B (b'ig. 1 10). S\ 2 pi)ose the conditions 
arc favourable for reflection. The patli is stmfght up to a, at which 



it first experiences repulsion. By the time it reaches 0 (a point still 
some distance from the surface) the velocity normal to A B has been 
neutralised; and when b has been reached the force of repulsion hat 
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endowed it with a velocity normal to A]E(, and equal in magnitude 
to that which it previously possessed. Since the velocity parallel to 
A B has not been altered its final velocity along 0 R is equal to its 
initial velocity along M 0, and therefore the angles of incidence and 
reflection are equal. 

If the condition is favourable for refraction, suppose the corpuscle 
is attracted by the surface as soon as it reaches a (Fig. 150), and its 



velocity, normal to the surface, is gradually increased until it 
reaches after leaving which it continues to move in a straight 
line. In this case the velocity normal to the surface has been 
altered, and if, as in the figure, it has been increased, the ray is bent 
towards the normal. As before, the velocity parallel to A B is un- 
changed, so theft the final velocity along 0 R is greater than the 
initial velocity along M 0. If the corpuscle had been subjected to 
a continuous repulsion throughout a 5, not strong enough, however, 
to prevent it entering the second medium, the final velocity would 
have been less than the initial velocity, and the ray would have 
been bent away from the normal. 

If Va » be the velocities of light in the upper and lower media, 
i and r the angles of incidence and reflection, then since the com- 
ponent of the velocity parallel to the surface remains constant, 
Va sin i a sin n 

sin r Va* 

a ce^tant for the same two media. 

To explain away the seemingly haphazard processes of attraction 
and repulsion, Newton endowed his corpuscles with periodic “ fits ** 
whiqh made tiem alternately more liable to be reflected or refracted. 
This device is, however, very artificial, and Newton in his old age 
inodified his theory until the corpuscles became almost a raperfluity, 
Wfk there was little difference between t|fis theory and the undulate^ 
nr wave theory of light which we now propose to describe. 
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132* Tho wave theory of light This theory may be 
said to havb bogun with Aristotle, but it was not till 
Huyghens took it up in 1678 that it was enunciated*in a 
scientific manner. Since then Fresnel, Young, and Stokes 
have finally established it. 

It postulates (Art. 3) that there is spread throughout 
space an all-pervading medium or ether, and that transverse 
oscillations in this ether constitute thermal, luminous, and 
electrical radiations. 

Many have been the properties with which the ether 
has been endowed. As we can neither hear, taste, see, 
smell, nor feel it, we can never be directly cognisant of its 
properties; in fact, we a»9 only aware of its existence 
because the sconces of radiant heat, light, and* electricity 
demand such a medium for the transmission of their effects. 

A luminous body is supposed to set up transverse vibra- 
tions in the other in its neighbourhood; this disturbance 
then travels out through the %ther, and on entering the 
eye excites the sensation of vision. Since the propagation 
is attended with transverse wave motion the ether must 
possess properties akin to rigidity and density, and at 
different times it has been considered to bo an incom- 
pressible fluid and an elastic solid. 

In the dynamical conception of an ether iflany difficulties 
arise, but these are avoided if we concentrate attention 
rather on the phenomena exhibited than on the mechanism 
that produces them. States of strain and of motion in the 
ether produce what we are more familiar with as electric 
and magnetic field. Vibrations involve both motion and 
strain; thus Maxwell's Electromagnetic theory of light* 
escapes the question of the fundamental nature of the 
luminiferous ether, by explaining light waves as an electro- 
magnetic phenomenon in which the electrical and magnetic 
fields in vacuo, or in any medium considered, uq^rgo 
periodic changes. For most p\irposes it is therefore un- 
necessary to consider the properties of the ether; light 
phenomena as a rule can be explained by simply supposing 

* See Stewart’s Textbook of Magnetism and Electricity,** 
Ch« XXX: 
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either transverse waves of displacement or electromagnetic 
wav^ to be travelling through the ether. The propertias 
of wave ihotion are usually treated fully in Textbooks of 
Sound, ♦ so that in this place we shall not dwell on the 
mechanics of the problem. 

We shall now describe the method by which Huyghens 
explained the reflection and refraction of light. 

To explain reflection, let A A' (Fig. 151), be a wave front of a 
plane wave incident on the polished surface A B. A now becomes 
a centre of disturbance and from it spreads outwards a series of 



spherical waves. Similarly other points, 0, D, etc., in turn become 
active centres. By the time A' has reached B the largest wave from 
A extends a distance A B' from A where A B' » B A', and if B B' be 
drawn tangential to this sphere it will touch all the extreme 
spheres of disturbances emanating from points between A and B. 
Therefore B B' is the new wave front and the light now proceeds 
in a direction perpendicular to it. The figure is symmetrical about 
a normal and thus the results are in agreement with the laws of 
reflection (Art. 23;. 

A simple illustration of the spreading and reflection of spherical 
waves is obtained by letting a tap gently drip into water placed 
in an elliptical dish. Spherical waves diverge from the point where 
the drops enter ; and if this point is situated at one of the foci of 
the ellipse, the waves are retected at the walls of the dish, and 
shrink in upon the other focus. If the experiment is performed in 
a gijgd light, the presence of the waves is made more evident by the 
bands'of light on the bottom of the dish. 

For the case of refraction consider as before a wave front, A A' 
(Fig, 152), of an advancing plane wave. Bach point of A B becomes 
in time a centre of disturbance and by the time the whole wave 


* CatchpooTs ** Textbook of Sound.* 
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front A has crashed into A B 
the refracted * wave front will 
have advanced to B B', where 

AB'=.^ . A'B. 

Va 

Thus if Va > 176 (as in figure), 
A' 6 > A B', and the light is 
bei^ towards the normal. Also — 
sinv ^ sin A' A B _ A' B/ A B 
sinr sin ABB' A B' / A B 
A^B Va 
“ A B' V6 * 

a constant for the same two media. 



133. Crucial test between^ the emission and undulatory 
theories. Let ja be the index of refraction between two mt dia 
a and b; and Vj, the velocities of light in these media. 
The relation between the tiiree quantities is given by 


,n 

Va' 


Kmissi^n theory. 


«= — , Undulatory ther?ty. 

Thus in a iu( dium, such as water, for which /a > 1, the 
emission theory states that the velocity is greater than the 
velocity in air, while the undulatory theory postulates 
the reverse. Foucault decided this point (jsee Art. 128) in 
favour of the undulatory theory, and although this does not 
prove the undulatory theory to bo right, it certainly proves 
that tho emission theory, as at present enunciated, is wrong.* 
These results were assumed in Art. 53, 


* It is worthy of note that in recent electrical theory corpuscles 
have once more been called into existence. The apparent mass of a 
corpuscle is about the ISOOth part of that of a hydrogen atom, and 
it carries a negative chaigc. 'Jhey a«t, as it were, as anchors for tho 
tubes of electrical force. Tho Newtonian corpuscular reflection can 
bo imitated very well by an experiment on the reflection of the 
electric negative corpuscles, A small negatively charged of 
lime is heated to incandescence in a very high vacuum. Above 
a certain temperature it gives ofE a narrow pencil or stream of 
negative corpuscles, whose path is rendered luminous by molecular 
collisions. If across the path of this pencil a negatively charged 
plate is Placed, the stream of corpuscles is reflected almost eiactlj 
aoooxding to Fig. 149. 
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184, The rectilinear propagation of light This was a 
strong point with the supporters of the emission theory, 
for, granted that the corpuscles moved in straight lines 
until acted on by the surfaces of media, the theorem that 
lignt travels in straight lines is self-evident. 

On the undulatory theory it proved at first a great 
stumbling block, for the opponents argued that as sound 
waves easily bent around corners so also would light waves. 
In the case of sound waves it is easily proved by experiment 
that the shorter the waves the more sharply defined are the 
sound shadows.* Now the wave-length of the sound waves 
caused by a tuning-fork of frequency 612 per second is 
about two feet, while the wave-length of the yellow or 
mean light'of the spectrum is only xtxto hence we 
should expect, even on the wave theory, the shadows to 
be very distinct, but never absolutely sharp. 

This latter result is borne out by the fact that the best 
shadows are always bordered by alternate light and dark 
fiinges called diffroition bands. The propagation of light 
is thus only approximately rectilinear. 

Exp. 42. Cut a very narrow slit in a postcard, and place it in front 
of a white light. Cut another slit in another postcard, and hold this 
up at some distance in front of the eye, so that the flame, slits, and 
eye are in alignment. Diffraction bands will now be clearly seen 
bordering the direct view of the flame. 

These diffraction bands are doe to the superposition of light waves 
which have traversed slightly different paths. Other instances occur 
when a candle is observed through a silk handkerchief, a street 
lamp through an umbrella, and the sun through half-closed eyelashes. 

The colours obtained when oil is poured on water, or a piece of 
steel is heated in the flame, are also due to the same cause. 8o 
also are the colours of soap-bubbles, mother-of-pearl, and cracks in 
crystals and blocks of ice. 

Recent work on the infra-red^ays or waves is greatly in favour of 
the electro-magnetic theory. These waves have been traced to such 
a degree that not a very considerable gap now remains between 
the Itfigest infra-red waves and the shortest electric waves (see 
page 218). Also the properties of the infra-red waves approximate 
as the wave-?ength increases to the properties of the electrical waves, 
tending to show that the difference between electric waves and 
light waves is essentially only one of wave-length. 

* See Catchpool’s Textbook of Sound,” Ch. IX., Arts. lia» 112. 




EXAMINATION QUESTIONS. 

Questions Set at vabious Univebsitv Examinations. 

1. How has the velocity of light been cleteiinined from observa* 
tions of the eclipses of Jupiter’s first satellite ? 

Assuming that Jupiter’s first satellite revolves round the planet in 
a constant period of forty hours, that the velocity of the Earth in its 
orbit is 18 miles per second, and that of light is 187,000 miles per 
second, find the greatest and the least apparent intervals between 
succes&ivc eclipses, • 

2. Describe thennethod by which Fiseau investigated the velocity 
of light. 

3. Describe Foucault’s method of measuring the velocity of light 
by means of a rotating mirror. What is the effect of introducing a 
tube of water (with glass ends) britween the rotating and fixed 
mirrors, and what relation is there between t^he velocity of light in 
a medium and its refractive index 7 

4. Explain carefully some method of measuring the velocity of 
light. How has it been shown that lights of different colours travel 
through air at veiy nearly the same rate 7 

6. Describe a method of measuring the veloci^ of light based 
upon the use of a revolving toothed wheel. The distance between 
the two stations being 9*3 miles and the number of teeth being a 
hundred, the rotation is started and gradually increased in speed. 
Find the number of rotations of the wheel in a second when the 
light reflected from the distant station has disappeared and re- 
appeared ten times. The velocity of light may be taken as 186,000 
miles per second. 

6. Point out the difference between a wave of sound, a wave of 
light, and a vvave traversing a stretejj^ed string. 
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SIMPLE OPTICAL INSTRUMENTS. 


136. Artificial horizon. The altitude^ of a star is fre- 
quently determined by a method based on the laws of 
reflection. * The accuracy of the results obtained by this 
method furnish an indirect but rigorous proof of the truth 
of these laws. A vertical divided circle, adjusted in a 
vertical plane, canies a telescope TT (Kg. 153) which 

can be rotated round 
an axis passing through 
the centre of the circle. 
In making an obser- 
vation the telescope is 
first pointed to a par- 
ticular star, and the 
reading on the circular 
scale, for this position 
of the telescope, is accu- 
rately noted. The tele- 
scope is then turned into 
the position T' T^, so 
as to view the image 
of the star, formed by 
reflection from the hori- 
z(ynial swrface of mer- 
cury*6bntained in the vessel M. The reading of the scale 
corresponding to this position is again noted, and the 
difference between the two readings — that is, the angle 

* The altitude of a star is the angle between the direction of the 
star and its horizontal projection. 
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F II — ogives twice the altitude of the star. For, CLBswining 
the laws of reflection to he we have— 

SPN^NPH, 
and therefore— S T H — li P II'. 

But R F H" « B P H' (Euc. i. 29) ; 

therefore E V' IV' = S P H. 

also- S'FH" = SPI1.» 

Therefore we have — 

S' F R =« S' F 11" + U" F R =3 2 S P U. 

But SP H is tlie altitude of the star ; therefore S' P' R is 
twice the altitude of the star. 

The accuracy of the rofjults obtained by this method 
conclusively proves the truth of the laws of reflection. 


136. Hadley’s sextant. 

employed for measuring 
objects, as seen from tlie 
position occupied by the 
observer.) The principle 
of its action has aln^ady 
been explained in Art. 33. 
frho essential parts of the 
instrument are shown in 
Fig. 154. The frame is 
made up of the circular 
arc, S S', and the two arms, 
S C and S' C. These two 
armx^, which arc radii of 
the circle of which S S' is 
an arc, intersect at C the 
centre of the circle, and 
C I is. an index arm which 
can be rotated about an 


The sextant is an instrument 
the angle bi'twecn two distant 



Fig 154. 


axis passing through 0. Two plane mirrors, A and are 
attached to this arrangement ; A is fixed on the arm S' C, 
and B is attached, at 0, on the index arm 0 1 ; both mirrors 
being perpendicular to the plane of the paper. The mirror 


♦ S P and S' P' are parallel. Compare footnote to Page 289. 
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6l IB unsilveredi or only partially silvered, so that an ob- 
aisrvpr looking through the telescope, T, which is directed 
towards A, can see objects in the direction T H. When I 
is at S, the planes of the mirrors, A and B, are parallel, so 
that any ray H' C, incident on B parallel to H T, is reflected 
along 0 A to A, and thence, along AT, to T. 

The observer looking through T thus sees objects in the 
direction T H (or C H'), both directly through A, and by 
successive reflection from B and A respectively. 

On moving the index arm 0 1 towards S', other objects, 
in addition to those seen directly through A, are brought 
into view, and if, when any particular object, in the 
direction 0 P, is brought intcT the field of view, the arm 
01 has been turned through an angle 6, then, by the 
principle of Art. 31, the angle POH' is equal to 26, 
That is, the angle between an object seen in the dii ection 
0 H' and another object in the Erection C P, is equal to 
twice the angle SOI. ^ 

Hence, in determining the angle between any two given 
distant objects, the instrument is first adjusted until one 
of the objects is seen directly through A, and also by 
reflections from B and A. The index I will then be at the 
zero of the scale on S S'. The arm 0 1 is then moved until 
the other object, seen by reflections from B and A, appears 
to coincide with the first object still seen directly through 
the unsilvered part of A The required angle is then 
obtained by doubling the angle SOI, which is given by the 
reading of the scale. Usually the scale is graduated on the 
principle of marking half-degrees as whole ones, so that 
the direct reading gives the required angle. 

137. The heliograph and heliostat. A heliograph is sim- 
ply a plane mirror suitably mounted, so that by its means 
sunjjgnt can be reflected from one action to another, say, 
sevSml miles away. It is used for the transmission of mes- 
sages ; the mirror is alternately tilted away from, and back 
to, its correct position accordmg to a given code, and the ob- 
server at tile distant stations notes the duration and regular- 
ity of the flashes, and from this constructs the message. 
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The heliostat is simply a heliograph mirror in which by 
suitable means the reflected* beam is sent in the sjtm^ 
direction all day long. This is done by mounting the 
mirror on a frame drawn by clockwork, the mirror beipg 
moved so that its normal always bisects the angle between 
the direction of the sun and the direction in which the 
light is to be sent. 

138. Paraboloidal Mirrors. In Art. 46 we saw that the aberration 
produced by spherical mirrors could be largely decreased by the use 
of stops. 

A real remedy may be applied by the substitution of a parabola 
instead of a circle as the generating curve of tlie mirror. A p.ar;ibola 
is a curve formed by a section of a cone panillcJ to its side, aiul a 
paraboloidal sur'’a^;e is gtmerated by t!ie revolution of this curve 
around its axis. Portions of two parabolas are shown in Figs, 155 
and 15(1, the former of low, the latter of high angle. No matter how 



Fig. 155. 

great the angle, parallel rays falling on»a paraboloidal mirror parallel 
to the axis are converged accurately to a certain point called the 
focus, and, conversely, rays diverging from that point are accurately 
parallelised. When, as in lightships and railway signal is 

necessary to parallelise rays as perfectly as possible, rig. lo6 snows 
the form of mirror employed. In the specula of large telescopes, 
which have to converge parallel rays as accurately as po^ible, an 
attempt is made to give such a figure as that shown (but with ?^sat 
exaggeration of the aperture actually used) in Fig. loo, in tnis 
figure the circle is shown for comparison of the curves. 

17 
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18d. Bllipioidal mirrors. l!hese afford the most accurate methoii 
for concentrating by a single reflection the light proceeding from 
‘one^point upon another. 

If F and F' (Fig. 167) be the geometrical foci of the ellipse J R M, 

and R any point on it, the angles 
\ which F R, F' R make with the 

\ p normal RN are equal, hence if the 

luminous source be placed at F all 
the reflected rays will go through 
/ / \ \ F', Revolve the ellipse about the 

( J \ \ ^ portion of the 

I / \ I generated will constitute 

\ F V F * an ellipsoidal mirror. 

V Cylindrical mirrors and lenses. 

These mirrors behave like plane 

V mirrors for dimensions of objects 

ng. 167. parallel to th^ir lengths and as 

concave or convex mirrors for 
dimensions perpendicular to their axes. They are used largely for 
shoThwindow illumination. 

The lenses act similarly. In the laboratory they are often em- 
ployed to produce images of iiUuminated slits ; in the outside world 
they are used largely by spectacle-makers as a corrective to 
asti^atism (Art. 149). 

140. Total rofleotion prisms. Let A B 0 (Fig. 1 58) repre- 
sent the section of a prism with angles 90®, 45®, 45®. If an 
incident beam of parallel 
light, FQ, falls normally K 

on the face A B, it suffers 

no refraction and very 

little loss by reflection, p — 

and meets the hypotenuse 

AO at an angle of 45®, ^ 

which is greater than B C 

the critical angle (41®). 

Consequently it is totally^ ' ' ' 

reflected in the direction 
Q Sfep and reaching the 
face B 0 normally, it 

emerges without refrac- « ^ 

tion and with very little ^ 

loss by reflection from the surface B 0. The beam is thus 
deviated through a right angle with very little lobs of light. 



SIMPL1B qniOAL INSTRUMENTS. 259 

If a plane^ mirror 6f glass, silvered at the back, be em- 
ployed to deviate a beam through a right angle, confusion 
is often caused by the succession of images which* are 
formed (Art. 65). This error can be eliminated by silver^g 
the front surface, but when we remember that even the 
most highly polished silver surface reflects regularly con- 
siderably less than the whole of the light incident upon it, 
and that there is difficulty in keeping a silver surface in 
good condition, we can easily see why such reflecting prisms 
are very frequently used in optical instruments. But such 
prisms can only be used to reflect light at an angle of 
incidence greater than the critical angle. Since the rays 
are intended to enter and leave normally, the prism should 
be isosceles with its angle B equal to the angle of deviation 
required. If used for other angles, there is more loss of 
light by reflection at B 0 or B A. The issuing beam is not 
identical with the original beam, but undergoes the same 
kind of reversal, right and loft interchanging, ns with 
reflection from a plane mirror. 

Total reflection prisms aio largely used in lighthouses. 
Bight in front of the light is placed a large compound 
plano-convex lens, and around it arranged in rings are 
lixed a number of total reflection prisms of varying angle, 
such that all the light is sent out in a parallel beam. 
As important applications of total reflection prisms in optical 
instruments, see the Newtonian telescope, Art. 167, Fig. 180, 
and the comparison spectroscope, Art. 164, p. 313. 

Wollaston’s prism, sometimes called the cam&t'a ItLcida^ 
is a totally n fleeting prism with four angles, generally 
emplo 3 "ed as an aid to sketching. A section of the pnsm is 
shown in Fig. 159 ; the angle A B C is a right angle, ADC 
is 135®, and the other two angles^ach 67^°. Bight incident 
normally on B 0, in the direction P Q, is totally reflected 
from the face D C to the face D A, whence it is Jgtally 
reflected along 11 8 normally to the face A B. To an eye 
looking along 8 It, objects in the direction of Q P are seen in 
the direction S R F, and the image thus seen may be traced 
on a sheet of paper placed at F, vertically below S. The 
sheet of paper is seen past the edge A of the prisiOi while 



260 uaHT. 

the image is seen by refection from the face A D. It is im- 





n 

Fig. m. 

portant that the image should be in the plane of the paper, 
for then paper, pencil, and image are seen with the same 
focussing of the eye. For this 
reason a concave lens of short 
focal length is placed in front of 
the face BO when the object to 
Kb sketched is very distant^ By 
adjusting the height of the' prism 
in its stand (Fig. 160), the image 
can then be made to coincide with 
the plane of the paper. The two 
reflections at the faces G D and 
D A are necessary to give an erect 
image. 



n«. iM. 
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14L The oaoiera obsoura. The principle of this arrange- 
ment is indicated in Fig. 161. At the top of a small^tent 
or wooden structure is a small cylindrical or cubical box, 

A 



which contains a mirror, li, and a lens, L, arranged as shown 
in the figure. 

The mirror is inclined at 45® to the horizontal, and 
reflects the rays coming from any external object A B on 
to the lens L, which foims an image A^B' on a wliite 
table or screen placed vertically below it. Tlie room is 
perfectly dark and the inside carefully blackened, so that 
the image thus cast upon the screen or table may be clearly 
seen. The box containing the mirror and lens can be 
rotated, and thus images of all objects surrounding the 
tent are in turn cast upon the table. Instead of the ojiiTor 
and lens it is bettor to employ a totally reflecting prism 
with the faces, which are turned towards AB and A'B' 
respectively, convex and concave. The curvature of the 
concave surface is less than that uf the convex, md the 
arrangement thus acts as a convex lens and a mirror 
combined. Since the objects under observation are re* 
latively far away, all the images on the table are in focus 
at the same time. Their sizes are the same as if a simple 
aperture were used instead of the lens and mirror. 
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142. FhotograpMo camera. If we disregard all un- 
essential details, this instrument may be described as a box 
(Pijg. 162) with a convex lens* in front, and at the back 
a ground glass screen, which can be replaced by a slide 
carrying a sensitised plate. When this instrument with 
the lens uncovered is towards any object that is to be 



Fig. 


photographed, an inverted image of that object will be 
formed ; and by sliding the lens or the back of the box in 
or out, the image may be accurately focussed on the ground 
glass screen. 

Jf a suitably prepared photographic plate t be then 
substituted for the ‘screen, the action of the light on this 
plate is such that when subjected to proper chemical 
treatment a negative is obtained, from which the ordinary 
photographs can be printed on sensitised paper. 

The pinhole < camera (Art. 8) is very useful for some kinds 
of photographic work, especially that of taking buildings, 
as it produces no distortion, whereas an ordinary lens gives 
images with strongly curved lines ; and in fact many of the 
cheap cameras on the market are simply pinhole cameras. 
A disadvantage of such cameras is that the light can onlv 
enter through a small hole and thus long exposures are 
lequiied, but by using extra rapid plates this difficulty can 
be surmounted. 

Sxp« 43. ICake a pin-hole camera. Cat a strip of brown paper 
8 ins. b;^ 30 ins. Paste one side and roll it, with the pasted side 
inwardk on a roller about Sins, in diameter, and not less than 9 ins. 
in length. In this way a serviceable cardboard tube can be made. 
Over this roll a single layer of dry paper. Over this again roll 


* Usually an achromatic combination, 
t The first photographs were taken by Daguerre in 1839. 
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a pasted sheet of brown paper as before. Thus two cardboard tubes 
al^ut 8 ins. long and 3 ins. in diameter will be made so that one 
may slide stiffly in the other. Close one end of the wider tube by 
a thin piece of card, in the centre of which make a small pinhole. 
Close one end of the smaller tube with a piece of tracing papeif or 
ground glass. Push this end of the sm^ler tube into the larger 
one, and looking into its open end, direct the pinhole to any brightly 
illuminated object. A small inverted image of the object will be 
seen on the tracing paper. Push the smaller tube farther In and 
note the reduced size but increased brightness of the image. Pull 
it farther out and note the increased size but diminished brightness of 
the image. Enlarge the pinhole and note the increased brightness 
but less distinctness of the image, its size being unaltered. 


143. Why optical instruments are blacked inside. 

Cameras, telescoj)e8, microscopes, and other optical instru- 
ments are always painted dead black inside in order to 
prevent internal reflections. In the camera, for instance, 
when the light reaches the sensitised plate a considerable 
proportion is scattered in all directions, and falling on the 
sides, top, bottom, and front of the b^x, would, if these 
were light in colour, be in great part reflected back to the 
plate and fog it. In other instruments such internal 
reflections would similarly confuse the effect produced by 
the direct rays. 

144. The optical lantern. In attending any course of 
experimental lectures this instrument will be seen in con- 
stant requisition for a gi*eat variety of purposes, and the 
student should have some idea of its construction and mode 
of action. It is now surely quite time to drop the old- 
fashioned name mayio lantern, except for the toys used for 
exhibiting pictures only. 

Essentially it is a light-tight box (Fig. 163) enclosing a 
powerful light or radiant, S. For scientific experiments the 
radiant should be a powerful one, but it ia much mm im- 
porUmt that it should be very smaU^ the smaller the better. 
The limelight and electric arc are satisfactory in both these 
respects. In front of the box is the condenser , L, usually 
a pair of plano-convex lenses about 4 ins, in diameter. The 
radiant is so mounted that it can be slid backwards and 
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forwards in the optic axis of the condenser. When it is in 
the principal focus of the condenser a powerful parallel 
team emerges. When slid further back the beam can be 
mSide to converge to any required point, and after the 
crossing of the rays to diverge from that point. 

When used for projecting images of various pieces of 
apparatus or of pictures, an achromatic lens combination, 
of about 6 in. focus called the oljective^ 0, is mounted in 
front of the condenser, and the radiant is placed so that 



Fig. 163. 


the whole of the convergent beam issuing from the condenser 
may be taken up by the objective. 

The lantern slide, Z, which is a transparent photograph, 
or other suitably prepared representation of the object to be 
shown is placed between 0 and L, as close as possible to the 
latter, and the tube carrying the former is then screwed 
backwards or forwards until a clearly defined image is 
focussed on the screen B. The image is inverted and 
magnified- in the ratio EO:OZ. Since the intensity of 
illumfiiation of the image varies inversely as the square of 
B 0, the best magnification that can be obtained depends 
ultimately on the illuminating power of S. The image is 
inverted, hence to get an erect image the lantern slide is 
put in upside down. In the projection of a piece of 
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apparatus on the screen inversion is often undesirable, and 
in such cases the beam is rd-inverted by means of a totaj 
reflection prism. 

The condenser is used simply to concentrate (or condeiS^e) 
the light on the slide. It plays no part in the focussing 
and hence need not be corrected for either kind of 
aberration. 

145. The eye. The human eye is essentially an optical 
instrument, similar in principle to the photographic camera 
described in Art. 142. Pig. 164 shows, diagrammatically, a 
vertical section of the eye 
from front to back. An* 
teriorly we have the corpea^ 

C, behind which is the 
anterior chamber of the eye, 
bounded behind by the 
crystaHvnie lens, L, and the 
ciliary processes, cc, to which 
the lens is attached. Tliis 
chamber is filled with a 
watery fluid called the ^ 

aqueous humour^ A \ and in ‘ Fi«^l 64 . 

front of the crystalline lens 

lies the iris, 1 1, a circular curtain with a central ajx^rture, 
p, called the jwpiL The iris is seen in the eye as the coloured 
ring surrounding the pupil; it is a muscular structure made 
up of circular and radial fibres, so arranged that the size of 
the pujdl can be increased or diminished as required. The 
crystalline lens, L, is the lens of the eye ; it consists of a 
soft transparent substance enclosed in a thin transparent 
iiiernbrane, and is held in posifion by the ciliary processes 
which are attached round its circumference. In structure 
it is somewhat complex ; the posterior face is more<4:onvex 
than the anterior, and it is built up of a large number of 
concentric shells, increasing in density as they approach 
the centre, the outer shell having the same density as the 
surrounding medium. By this arrangement the optical 
action of the lens is more powerful than if it were com* 
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posed of a homogeneous medium of the same density as 
(he nucleus, and also the loss'of light by reflection at the 
surfaces of the lens is diminished. Behind the crystalline 
le$s, in the posterior chamber, is the vitrema humour^ Y ; 
this is a watery fluid very similar to the aqueous humour. 

The walls of the eyeball are made up of three coats. 
The outer, S, called the sclerotic^ is a tough white coat, 
giving consistency to the ball. The cornea, in the front, is 
fitted into this coat like a watch-glass into the case of the 
watch. The middle coat, OA, the choroid^ is a thin pig- 
mented layer which divides in front into two layers ; the 
anterior layer goes to form the iris, and the posterior 
constitutes the collar of ciliary processes carr 3 dng the 
crystalline* lens. Adjacent to the ciliary processes is a 
muscular collar attached to the sclei'otic coat, and inserted 
at the circumference of the crystalline lens. This collar is 
the ciliary muscle^ and serves, by its action, to vary the 
convexity of the surfaces cf the lens. The inner coat, R, 
is the retina^ a deycate membrane which is practically a 
fine network expansion of the optic nerve, 0. It covers 
the whole of the inner posterior surface of the eye as far 
as the ciliary collar, and is lined by a very delicate 
membrane, Hy, called the hyaloid memhram. At the centre 
of the retina is the yellow spot^ a small slightly raised 
yellowish spot, having a minute depression, call^ thQ fovea 
at its summit. This yellow spot, which is about 
of an inch in diameter, is the region of a most 
distinct vision, and the fovea centralis is the most sensitive 
spot on the retina. About inner 

side of the yellow spot is the blind apoty the point at which 
the optic nerve enters the eye. This spot is not sensitive 
to light. 

The structure of the retioa is very complicated. The surface 
next thir vitreous humour consists of thin connective tissue called 
the hyaloid membrane. Below that extend the ramifications both 
of the optic nerve and the artery which enters the eye with the 
nerve. The nerve filaments end in ganglion cells, and fresh pro- 
cesses proceed from these through the rest of the retinal thickness 
and, penetrating the external myer of connective tissue, end in a 
lay^ oidied the BaaiUa/ry Layer or JaaeVe Mem^rema, This layer 
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or membrane consista of elongated iSodies, some shaped like rods 
and some like cdnes. Their extremities are embedded in a layer of 
pigment cells. The rods and cones form the sensitive part of <tbe* 
retina. An element of the retina consisting of rods, piles, and cones 
is about ’004 mm. in diameter, and tbe eye cannot distinguish 
between two objects unless the retinal images are separated by a 
greater distance than this. Experimental evidence indicates that 
the rods are most sensitive to faint lights, while the colour sensations 
are produced by the cones. 

Considered optically, then, the eye consists of a double 
convex lens, the crystalline lens, protected in fix)nt by a 
circular diaphragm, the iris, and having a sensitive screen, 
the retina, on which the images of external objects are 
cast. The impressions con\{eyed to the brain by these 
images give rise to the sensation of sight. 

The following are the mean values of the optical constants of 


human eyes ; — 

When viewing 
a distant 

When viewing 
an object 

{a) Index of refraction of the aqueous 
and vitreous humours and of the 

object. 

# 

16 cm. away. 

cornea 

{h) Index of refi'action of the crystal- 

1*337 

1*337 

line lens 

1137 

1*437 

(<?) Thickness of cornea 

Id) Radius of the outer surface of 

O 'l inm. 

0*4 mm. 

cornea 

-7-8 mm* 

— 7*8 mm. 

{c) Radius of anterior surface of lens . 

— 10*0 uirn. 

—6-0 mm. 

(/) Radius of posterior surface of lens, 
(y) Distance of anterior surface of lens 

+ 0 0 mm. 

•+• G’5 mm. 

from anterior surface of cornea . 

3*6 mm. 

3*2 nmi. 

(4) Thickness of lens .... 

3 6 mm. 

4*0 mm. 


146. Vision. The condition of distinct vision of any 
object is that a clearly defined image of it is formed on 
the retina. 

Pig.' 165 i*epresents such a case. When light enters the 
e^e refraction occurs at the surfaces of the cornea and crystal- 
Ime lens. The centres of these surfaces lie on a straight line 
called the optic axis, which meets the retina between the 
yellow and blind spots. Since no change of refractive index 
occurs from the cornea to the aqueous humour, the aqueous 
humour Inay be regarded as extending to the anterior 
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surface of the cornea. If the object is large the image is 
, distorted, due partly to obliquity of the extreme rays and 
partly to spherical aberration. The distortion is, however, 



Fig. 106. 


greatly corrected by the heterogeneity of the crystalline 
lens and by the spherical shape of the eyeball. 

In all cases in which real objects are dis*tinctly seen real 
inverted images are produced on the retina ; that we see 
objects erect is due to the interpretation which the brain 
puts upon the stimuli it receives. 

Under ordinary conditions it is evident that, with an eye 
as above describedy only objects at a certain definite distance 
from the eye can be seen distinctly ; for, the distance be- 
tween the image and the lens being fixed, the distance 
between the object and the lens must also be fixed. We 
know, however, from experience that objects can be seen 
distinctly by the normal eye at all distances greater than 
a certain minimum limit known as ike distance of nearest 
distinct vision. This is due to the power of accommodation 
possessed by the eye ; the ciliary muscle, we have seen, is 
able to alter the curvature of the surfaces of the lens, 
making the front surface much more convex, and bringing 
the lens as a whole nearer to the cornea ; thus the focal 
length is accommodated to the distance of the object on 
which the eye is focussed. For a normal or emmetropic 
eye the limits of distinct vision are from a point distant 
about 10 inches from the eye to infinity. When the eye 
is at rest, it is supposed to be adjusted for parallel light — 
that is, for distinct vision of very distant objects. 

The eyes of various individuals vary much in their 
accommoaative power. Young children “can see distinctly 
objects pkoed two or three inches in front of their eyes. 
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ordinary adults can sec objects as near as ten inches]^ but 
as the age of a person advances the power of accommoda- 
tion of the eye decreases, probably because of a. loss* of’ 
elasticity in the outer layers of the crystalline lens. This 
defect of vision is called presbyopia^ and it causes tlte 
nearest point of distinct vision to gradually recede from the 
eye. Thus in order to read a book an old man is often 
compelled to hold it at arm^s length. 




147. Magnifying power. The absolute size of an object 
is, of course, a constant quantity, but the ajyparent su«, 
which is proportional to ^ 

the magnitude of the 
retinal imago, depends 
upon the distance of tho 
object from tho eye. A 
measure of this apparent 
size is given by the angle , 

which the object sub- 
tends at tho eye. This 
angle is called tho risiml 
angle. Thus if AB, Pig. 166, represent tho object and E tho 
eye, the apparent size is measured by the visual angle AE B, 
and this angle evidently decreases as tho distarjce of A B from 
E increases. When the angle is small tlie visual angle is 

approximately measured by tho ratio, or may be taken 


Fig. 106. 


as proportional to the tangent of the angle A E B — that is, 


tangent (visual angle) 


bc iigUi of object 

DTstance of object from eye. 


When we look at a building a mile away, the visual 
angle under which we see it is very small, consequently its 
image is very minute, and we can perceive nothing but its 
general form. At 100 yards it subtends a much Jarger 
angle, and its imago may perhaps occupy almost the whole 
of the retina, and we are able to perceive doors, windows, 
and smaller features. At 20 yards only a portion can 
occupy the retina at one time, and that portion subtends 
a much greater angle than before. It may perhaps con* 
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tain a printed bill, and thb larger type may be easily read. 
At 1 yard the retina may be* wholly occupied by the image 
*of the bill, and all but the smallest type may be read. At 
10 inches one of the smallest letters subtends such an angle 
that its form is plainly perceptible. At 4 inches the retinal 
image of that letter is larger still, but its farm is no more 
distinct — it is less so, because the rays proceeding from the 
letter now diverge so widely from it that they cannot be 
focussed on the retina. Therefore nothing is gained in the 
way of distinct vision by any closer approach than 10 inches. 

We have adopted this line of discussion in order to give 
the student a clear idea of the mode of action of the Magni- 
fying Glass. A magnifying «glass is simply a convex lens 

of short ^pcal length em- 
ployed to obtain magnified 
virtual images of small 
objects. The lens is placed 
at a distance less (usually 
very little less) than its focal 
length from the object to 
be viewed, AB {Fig. 167), 
and, as explained in Art. 85, 
a virtual magnified image 
is formed at A^ B', which, 
when the position of the 
lens is properly adjusted, can be clearly seen by an eye 
at E. But it will be noticed that the enlargement of the 
image is counteracted by its increased distance, and the 
visual angle A! 0 B' under which it is seen, and therefore 
the size of the retinal image, is only the same as that of 
the object itself. Where, then, does the magnification 
come in? If the object# were brought as close (perhaps 
1 inch) to the unaided eye as it is to the lens, its retinal 
image, though equally large, would be indistinct because 
of the inability of the eye to focus such highly divergent 
rays. What the lens does is to reduce this great divergence 
X A 0| Z B 0, to the much smaller divergence X A' 0, 
Z 0^ and so allow the raj« to be focussed on the retina^ 
while preserving the great visual angle. 
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' 148. Magnifying pawer of lens. Since the size of the 
retinal image ‘is inversely proportional to the distance of 
the object, and this distance is determined by tjie focal* 
length of the lens, than which it is very little less, l^ie 
magnifying power may be taken as the quotient of the near 
point of distinct unaided vision (usually taken as 10 inches) 
divided by the focal length of the lens. Therefore the 
magnifying power of a lens of 2 inch focus is Y- ==* 5, and 
of a lens of | inch focus is * 20. * This, which is what is 
usually understood as magnifying power, refers to linear 
dimensions. Of course the superficial magnification is the 
square of the linear. 

The above is only approgpimate, for the object is not 
placed quite at the principal focus. liet tlie distances of 
object and image from lens bo denoted by Uy I), n spc'ctively, 
where D is the least distance of distinct vision, and lot f » 
focal length of the lens. Then 


1 

D 



1 

T 



But the magnification, in general (*qual to is in our case 

1 1 ) 
equal to 


. Image _ _[)(/- B) ^ i ^ J1 

(Ujject ~ J 1) J 


Or, since we are dealing with a convex lens, w(3 may write 
magnifying power = 1 ■+• , where /j is the numerical value 


of the focal length, and D is tb<> least distance of distinct 
vision .for the eye considered. Thus if/j is equal to 2 in., 
the magnifying power is 6, and not 5, as obtained by the 


approximate method above. 

When an optical instrument is said to magnify an object, 
it is meant &at the visual angle of the object as seen 
through the instrument is greater than its visual angle 
when seen directly by the naked eye, and the mxignifyvng 
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•pm&r of the instrument 43 measur^ by the ratio of*the 
visual angle as seen through«the instrument to the visual 
angle w.hen seen directly. This definition is evidently not 
si;^fficiently precise, for the visual angle of an object, seen 
directly, depends upon its distance from the eye ; it is there- 
fore necessary to specify this distance. In the case of a 
telescope, where the object viewed is distant, the magnifying 
power is defined as the ratio of visual angle of the image 
seen in the telescope to the visual angle of the object seen 
directly at its actml distance from the eye. In the case of 
the microscope, however, the object viewed is near at hand, 
and it is assumed that when seen directly it is placed at the 
distance of nearest distinct vii^on, where its visual angle is 
greatest. < Hence the magnifying power of a microscope is 
defined as the ratio of the visual angle of t*he image seen in 
the microscope to the visual angle of the object seen directly 
at the least distance of distinct vision. 

149 . Defects of ^ vision I Spectacles. The most common 
defects are known as (1) Myopia or Short-sightedness, 
(2^ Hypermetropia or long-sightedness, (3) Presbyopia, 
(4) Astigmatism. 

A normal or emmetropic eye brings parallel light to a 
focus on the ratina. By means of its power of accommoda- 
tion the eye can also focus light from nearer points. Let 




&00 

o 

Fig. 168 . 

N be^he nearest point of distinct vision (Fig. 168), then 
images of all points on the lino from N to + oo can be 
focussed on the retina by the unaided eye. 

1. In myopic eyes either the axis of the eje is too long 
or the crystalline lens is too convergent. Light from a 
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distant object is broiig^ht to a focus in front of the retina 
(Fig. 169), and thus the objetit is either not seen at all or 
seen very indistinctly. As the object approaches -the eye 
the image travels backwards from the focus of the leng, aifd 
when the object reaches a point P, a certain distance a\^ay, 
the image falls exactly on the retina. This point P is the point 
of farthest distinct vision, which, if the eye were normal, 
would be at infinity. If the accommodating mechanism be 
perfect, the eye will, up to a certain limit, be able to adjust 



Viir. 169. 


it^elf so as to give distinct vision ^*)r objects nearer the eye 
than this point, and even martT than N, the nc'ar point 
for normal eyes. Let F be neatest point of dihtinct 
vision for a myopic eye. For the unaided eye only those 
points can be distinctly seen which lie between P and 
P'. Pays from a distant point are Iroiight to a focus 
in front of tlu‘ retina, oven when (ho niuscFes of the eye 
Uiake it as little convex as po.‘'siblo. This defect can bo 
n mediod by the use of spectacles. To dotei mine the nature 
of the lon.-es required, we must notice that the necessary 
conditi(ui tor remedying the d<‘bct is that rays diveiging 
from a point on the normal range of vision, oo N, should, 
after n^fraction thiough the lens, apparently diverge from 
a point within the range of the short-sighted eye, P F. 
Suppose this latter range to be fr<to 3 to 8 inches from the 
eye.. Now we cannot make this coincide with the normal 
range at both ends; we must therefore decide eilhq[ for 
coincidence of the nearest or of the farthest points of 
distinct \ision. It is usual to choose the latter, because it 
corresponds to the quiescent state of the eye ; hence, in this 
case we require a lens such that rays coming from infinity — 
that parallel rays — will, after refraction through it, 

18 
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diverge from a point F,‘ nearly Scinches from the eye 
(Fig, 170). The required lens is therefore a conoave lens 



of 8 inches focal length ; and, if x denote the nearest point 
of distinct vision V7ith this leng, we have — 

1 1 « 1 * 

3 ~ flJ “ 8 * 

/. x =* 4-8 in. 

That is, the range of vision is now from 4*8 inches to infinity, 
instead of from 3 inches tq 8 inches in front of the eye. 

A practical consequence of the use of a concave lens is 
that the retinal images are diminished, and thus objects 
appear smaller than they do to normal eyes, 

2. In the case of hypermetropia or long-sightedness, the 
axis of the eye is too short or the lens not sufficiently con- 
vergent. When unaccommodated the only light which can 



from 

OO 

P 


be focussed on the retina is that which is converging to a 
pointJP (Fig. 171) behind the eye. 

By means of accommodation, rays can be focussed which 


^ Determined by the condition that rays diverging from a point x 
inches in front of the lens must, after refraction, appear to diverge 
from a point 8 inches in front of the eye. 
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are converging to poiijts on tho line from P to — oo , and 
rays which are diverging from, points between -f oo and F, 
the nearest point of distinct vision. P' is at a. gretfter* 
distance from the eye than N, the nearest point of dieti^pt 
vision for the normal eye. • 

Bays diverging from points nearer than Y are focussed 
behind the retina. The power of the eye lens (to converge 
the rays) is too little, and so a convex lens must be re- 
quisitioned to help it. Suppose, for trample, P' is 30 inches 
in front of the eye and P 10 inchas behind ; then, to render 
the farthest points of distinct vision for the unaided normal 
eye and the aided hypermetropic eye coincident, we must 
employ a lens such that rays coming from infinity will, 
after refraction through it, converge to the point P. 10 inches 
behind the lens— that is, a convex lens of 10 inches focal 
length must be used, and the distance of the nearest point 
of distinct vision ( 03 ) is given by the relation — 

80 a? 10 
O’ =* in. 

That is, the range of vision is now from 7j inches to in- 
finity, instead of from 30 iiichas in front of tho eye up to 
and through -f- 00 , and from — co back to 10 inches behind 
tho eye. * 

The action of the lens is .shown in Fig. 172. The effect 
of L is to push P to 00 and to bring F nearc^r to N, 



Another effect of the convex lens is to make objects appear 
larger than they appear to the normal eye. 

3, In the case of presbyopic eyes (usually found in old 
people, Ai^t. 144) distant objects can be distinctly seen, but 
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light from near objects cannot be focussed on the retina— 
that is, the nearest point of dfetinct vision has* receded. Tc 
remedy this defect by means of spectacles, the focal length 
of •the lenses must be adapted to the purpose for which the 
spectacles are required. For reading purposes the lenses must 
be chosen so as to cause rays diverging from the point of 
normal nearest distinct vision to appear to diverge, after 
refraction through them, from the nearest point of distinct 
vision of the defective eye. For example, suppose the 
nearest point at which a person can see distinctly is 30 
inches; then, if / denote the focal length of the lenses 
requir^y we have — 

1-1**L* 

30 10 / ' 

.% /= — 15 in. 

That is, convex lenses of 15 inches focal length are required. 

When the accommodating mechanism is not perfect, there 
may be practically only obe point of distinct vision, and 
the defect can be remedied only for pai ticular cases. For 
example, suppose a person is able to see distinctly only at 
a point distant about 4 inches from the eye, then, if he 
requires spectacles to enable him to see distant objects 
distinctly, the /ocal length of the concave lenses to le used 
must be about 4 inches. If, however, he requires spectacles 
for reading purposes, and he wishes to hold his book in the 
same position as a normal-sighted person holds his, then 
the focal length of the lenses is determined from the fact 
that light coming from objects at the normal distance of 
distinct vision, 10 inches, should, after refraction, appear to 
come from a point 4 inches from the eye. Therefore — 

4 10 / 

or— 

/-6| in. 

That is, concave lenses of 6| inches focal length are 
required. 

4. In the case of astigmatic eyes— due mainly to non- 
sphericity of the cornea — a vertical section being usually 
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more curved than a. horizontal tection — ^lines inclined in one 
direction cad be seen much* more plainly than lines in a 
direction perpendicular to this. There are very few* eyes 
that do not suflfer from this defect, horizontal lines being 
usually brought to a focus in front of the focus of vertical 
lines. A test may be made by drawing four or five parallel 
lines close together on a sheet of paper, which is then placed 
facing the patient about 4 or 5 yards away and slowly 
rotated. The patient with one eye open watches the lines, 
and in general it will be found that for quite a large range 
of rotation they appear very indistinct. To remedy this 
defect a cylindrical lens (Art. 139) is required, its position 
being arranged so that the refraction which it produces is 
in the same wa^ as the weaker refraction of thexjorneii. If 
the eye is myopic or hypermetropic as well as astigmatic, a 
lens cylindrical on one side and spherical ((‘oncave or convex) 
on the other side wdll bo required. 

In all cases of defect of vision the magnitude of the 
defect may not be tho same for both eyes, so that lenses of 
different focal length may be required to accurately correct 
the vision. 

150. HiscellaneouB experimeuts and observations with the eye. 

(1) To show that the eye is over- corrected f^r spherical aber- 
ration. Bring a printed page so close to the eye that the print is 
indistinct. Now interpose a sheet of paper with a pinliole in it 
between page and eye and just in front of the latter. The print 
seen through the hole is quite distinct. This shows that rays going 
through the centre of the lens are converged more than those going 
through the peripheral jxjrtions. The opposite occurs with ordinary 
lenses. (Art. 90.) 

(2) To show that the eye is not achromatic for the extreme rays 
though vdry nearly so for intermediate rays, hooking at a window 
frame with a bright background and bolding a finger close in front 
of the eye, gradually move it across the fieM of view. As the 
advancing finger approaches a bar of the window-frame the near 
edge of that bar will bear a blue fringe, and the far c4go a red 
fringe. In trying to understand this remember that the image on 
the retina is inverted. 

Another method of showing the existence of chromatic aberration 
in the eye is to bring a well-illuminated printed page close up to the 
eye and stare at it. Blue and yellow fringes will then be seen to all 
the^ettefs. 



(8) XflMget of real object! are inTertedl Experience, bowerer, 
tells us that the objects are the right way up. 
If therefore an erect shadow could be thrown on 
the retina, it should appear inverted. To verify 
this make a pinhole in a piece of paper and 
holding it about an inch or so in front of the 
M through it a brightly illuminated 

H surface such as a white lamp globe. Take now 
W a pin and holding it head upwards introduce it 
i'lg. ITS. between the eye and the pinhole. As shown in 
Fig. 173 the pin appears inverted. 

(4) It is evident that since the blood vessels of the retina 
are in front of the sensitive layer, light entering the eye should 
cast shadows of them upon this layer. That we are not always 
aware of these shadows is due to the fact that ordinarily they are 
formed by diffused light and hence are indistinct. In the following 
simple experiment parallel or nearly parallel light is usedj thus 
the shadows are distinct and therefore easily 

seen : — View a very bright white surface through 
a pinhole in a piece of paper held just in front 
of the eye. Move the pinhole about ; the 
bloodvessels will bo seen as biack shadows on 
the bright surface viewed. Now give a quick 
circular motion to the pinhole and observe 
that the bloodvessels seem to extend from the 
periphery to the centre, getting smaller and 
more ramified as they approach it (Fig. 174), 
the centre, however, being free from them. Now 
hold the paper still; the appearance vanishes, 
due to the rods and cones becoming fatigued. 

This is a subjective method of observation. The interior of the 
eye of another person may be, however, examined by means of the 
oj>hthalfno 80 opet Invented by Helmholtz, which consists essentially 
of a concave mirror about an inch and a half in diameter, pierced 
through the centre by a small hole. Light from a lamp is reflected 
by this mirror into the patient’s eye, and the observer looking through 
the small hole is able to minutely examine the various parts of the 
retina. 

(5) Although the yellow spot^Is most sensitive to ordinary lights, it 
is not as sensitive to very faint lights as the surrounding portion of the 
retina. This is due to the fact that the bacillary layer at this point is 
composed entirely of cones (see Art. 145). For this reason, faint stars, 
looked at a little obliquely, appear brighter than if viewed directly. 

(6) To prove the oxistenco of the blind spot. Close the right eye 
ana keeping the left eye fixed on B (Fig. 176) move the book to and 

-A B 


Fig; 17ft. 
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from the eye. When the' book is alK)at 12 inches from the face A 
will be invisib^ but will come into view again for greater or lesser 
distances. Repeat with only the right eye open and fixed on Ar • 

(7) The retina continues to feel the effects of the light after the 
exciting agent has been removed. ’J'his phenomenon is called Jhe 
persistence of impressions, the impressions lasting about one-tenth of 
a second. Thus the glowing end of a match stick yields a bright 
circle when the match is swung around, and not a bright point 
changing its position. Again the colours of a rapidly rotating colour 
disc (Art. 120) blend into one ; and an alternating electric current 
gives a steady light, the fluctuations of the light being too rapid to 
be noticed, except it be used to illuminate a rapidly moving object. 

(8) Look at a bright object, such as a bright lamp globe, and then 
close tlje eyes, and, in jiddition, cover them. An image of the globe 
will appear; this is the pontivft after-image. After a time it 
disappears, and may be followed* by a very dark image of the globe 
on the fairly darje background; this is the negative .afUr-image, 
The positive image is due to continued nerve irritation, similar to 
the persistence of impressions, whilst the negative image is due to 
the fatigue of those nerves upon which the bright image fell. This 
prevents them being excited to the same extent, as the unacted-on 
nerves are, by the dull light penetrating the eyelids; hence the dark 
image. Repeat the experiment with a strongly illuminated coloured 
form, such as a cliurch window. J.The positive after-image in this 
case is similar in colour to the window ; it thim fades away, and the 
negative after-image aiipoars in the complementary colours. 

Repeat by looking steadily at a bright red spot, and then shifting 
the eyes to a dull gn^y surface. A greenish-yellow sjkA will be seen 
on it. Other contrast results may be obtained bj^ placing a small 
white circle of paper upon larger jjieccs of coloured papers. In each 
case the white se<mis to be illuminated by the colour oomi)lementary 
to that of the background. Thus on yellow it appears blue, and on 
green it appears of a ruddy hue. Again, if a hole be made in a 
piece of bluish green glass, and the glass be then held between the 
sun and a white screen, the shadow of the hole will look dark pink, 

(0) Close the eyes and press with the fingers into one of the 
hollows on the upper side of the eyes next the nose, A circle of light 
will appear at the opp<.>sitc side of the eyeball. This shows that the 
nerves may be stimulated by mere p-TCssure from the outside. 

(10) If we have two bodies of the same size, one 
bright* and the other dark, the former will look the 
bigger of the two. This is caused by the rods and 
cones which are being excited causing their neighbours 
to be excited. The most striking example of irradiation 
occurs when the moon is in her first quarter, and is called 
”the old moon in the young one’s arms,** The illu- Fig. 170. 
minated crescent (Fig. 176) then appears to be a part of 
a mneh larger circle than that of the faintly illuminated remaindeii, 
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(U ) A peculiar wavelike motion is often observed in a row of close- 
set railings when one is walking Qear by and looking* through them at 
.a farther row. At certain places bars in the two rows are behind 
each other^and thus the maximum amount of light is able to penetrate 
them. At other places bars in the farther row are behind spaces in 
the front row, and the illumination is smaller, varying to a minimum 
when the bars are behind the centres of the spaces. The same 
phenomenon is also very noticeable when a meat safe of perforated 
zinc is under observation, and when a piece of wire gauze is lying upon 
another. The appearance is very much like that of “ watered silk.” 

(12) The distance of objects is judged partly by the amount of 
accommodation it is necessary to impress upon our eyes in order to 
see them distinctly, and partly by the amount of convergence be- 
tween the optic axes of the two eyes. When the distance, however, 
exceeds a certain amount the accommodation is conbtant, and the 
optic axes are sensibly parallel. Hence other methods of judgment 
must be used, the usual being that of comparing the size of a known 
object at tte far distance with the apparent size Vt would have when 
close to the observer. In judging distances, therefore, practice 
counts a lot. On a very clear day distant objects appear nearer than 
they really are, and hence we judge their magnitude smaller. In a 
fog vision is Indistinct, and, as we associate indistinction with dis- 
tance, we unconsciously estimate the object to be some distance 
away, and therefore larger than it really is, 

Again, the sun and moon usually look larger when low down than 
when high up in the sky. This false impression is not in accordance 
with measurements of the angular diameter made by a micrometer. 
When near the horizon the eye is apt to estimate the size and 
distance of the^sun and moon by comparing them with the neigh- 
bouring terrestrial objects (trees, bills, etc.). When the sun and 
moon are at a considerable altitude no such comparison is possible, 
and A different estimate of their size is instinctively formed. 

(13) To find the least distance of distinct vision. Make two pin- 
boles, in. apart, in a piece of paper. Hold the paper close up to 
the eye, the holes being in a horizontal line, and look through them 
at a vertical pin held just in front. The pin appears double and 
indistinct. Gradually remove the pin; the images become more 
distinct and approach each other, coinciding at a certain distance— 
the least distance of distinct vision— and afterwards remaining in 
coincidence!. Explanation Two narrow pencils of light from the 
pin pass through the holes and after refraction in the eye converge 
to a common focus. If the pin is at or beyond the least distance of 
distino^isiou the eye accommodates itself so that this common focus 
is on the retina ; if, however, the pin is within this least distance the 
pencils reach the retina before meeting; thus two images are seen, 
both indistinct. Now repeat the experiment and block out, say, 
the left-hand hole. The right-hand image disappears, and vW 

In proving this, remember that the brain inverts the images. 



CALCULATIONS. 

151. Thb following relation, proved in the preceding obapter, 
should be noted : — 

The magnifying power of a simple lens of numerical focal length 
/*, is given by — * 

»J = 1 + V. (Alt. 148.) 

J \ 

In connection with vision and spectacles the following summary 
should be remembered. 

1. The normal emmet ropic eye. In the quiescent stage it is 

focussed on infinity, and hy acc^'nimodation all points from infinity 
to about 10 inches in front of the eye can be seen. 

2. The myopic or $ltort~siyhted eye. Tarallel light is brought to a 
fv)cus in fiont of the retina. The eyeball is too long or the lens too 
convex, and a concave s])ec(acle lenses required. 

3. The hypermetropic or lony-ftiyhted eye. l^amllel light is brought 
to a focus behind the retina. The eyeball is too short or the len^ 
not sufllciently convex, therefore a convex spectacle lens is requiiod. 

4. The j>reithyopie eye. I’his possesses scarcely any accommo- 
dation. Being set for distant objc'cts the focus for near object.s is 
b('hind the retina, hence convex lenses are require^\ 

5. The astigmatic eye. Cornea not spherical, hence the foci of 
lines in different directions are at different distances behind tht* 
crystalline lens. Cylindiical or sph(*ro-cylin hical lenses must be 
CTi'ployed, generally in conjunction wdth spherical ones. 

In nearly all cases the })r<<blcin of finding the right lens can be 
Solved by a judicious me of the formula — 

i- 1 

V V /* 

V 

Examples VUI. 

1, A person’s range of distinct vision is from 4 inches to*8 inches 
from the eye ; find the focal length of the lenses he should wear, 
and the range of his vision with those lenses. 

Here the lenses required axe such as will caise rays coming from 
infinity to diverge from a point 8 inches from the eye —that Is, can 
care lenses of 8 inches fow length are required. 

S81 
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With these lenses let x dedote the nearest distance of distinct 
vision ; then— 

1 1^1 
4 “^ 8 * 


Therefore the range of vision with the lenses is from 8 inches to 
infinity. 

2. Explain, by help of a diagram, the effect of a convex lens held 
close to the eye and employed as a simple microscope. 

Prove an approximate formula for the magnify ing power of the 
lens, its principal focal length and the distance of distinct vision by 
the naked eye being given. 

3. A person whose nearest distance of distinct vision is 18 inches 
uses a reading lens of 6 inches focal length ; what magnification 
does be obtain ? 

4. A person can see objects distinctly only at a distance of about 
4 inches from the eye ; calculate the focal length of lenses be should 
use for reading, walking, and for viewing distant objects. Assume 
that 10 inches is the normal distance of nearest distinct vision, and 
that in walking the average distance at which he requires to see 
clearly is 16 feet. • 

5. An aged person sees distinctly from infinity up to about 20 
inches from the eye. What spectacles should be worn to remedy 
this defect ? 

6. A lantern slide is SJ inches square and an enlarged image is to 
be formed on £ screen 20 feet distant from the lens by the aid 
of a lens of 6 inches focal length. What kind of lens should be 
used, at what distance from the slide must it be placed, and what 
will be the size of the image? 

7. Explain why it is possible to take a photograph with a pinhole 
pierced in an opaque screen in place of a lens, and why it is 
not possible to do so when the hole is large. 

8. A pinhole camera is made in the form of a cube (edge 1 foot) 
with a hole in the centre of one side. It is placed opposite a 
building 60 feet high at a di^ance of 100 yards. Find the size of 
the image. 

9. A total reflection prism is employed to deviate a ray through 
60^. Wfiat is the shape of its section 7 

10. A person is under water. Bo objects in the water look at the 
same distance from him as they would in air ? Why are near objects 
indistinct 7 



examination’ questions. 

Questions set at various University Examinations. 

1. Explain the action of a lens when used as an eyeglass. A man 
who can see most distinctly at a distance of ^ inches from his eye 
wishes to read a notice at a distance of 16 feet off. What sort of 
spectacles must he use, and what must be their focal length ? 

2. Explain with a sketch the action of an optical lantern. Why 
should the radiant be as small as possible ? 

3. Draw and explain a figure illustrating the principle of a simple 

magnifying lens, and calculate the magnifying power of a li ns of 
half-inch focal length held close to an eye whose best vision distance 
is 8 inches. *■ 

4. A short-sighted person has <iistinct vision at 5 incl/es. What 
kind of lens should he use and of what focal length, to enable him 
to read a book 20 inches from his eyes ? 

6. The maximum distance of distinct vision foj' a certain person 
is 20 centimetres. To enable him to see distant objects distinctly 
he will require a lens. C'alculate eithel* (a) the power, in diojjtries, 
of that lens, or (b) its focal length, in centirnttres. Explain also, 
with the aid of a diagram, why this lens will enable him to have 
distinct vision. 

0. Give a brief general account of the eye as an optical instrument. 
Suppose a short-sighted eye can see an object clearly only when it is 
placed at a distance not exceeding 8 inches, what kind of lens .should 
be used, and of what power, in order that, if placed close to the 
eye, it would enable (jbjects that are 48 inches away to be clearly 
seen 1 

7. A convex lens of 2 inches focal length is hel<l 1 inch from the 
eye by a pei*son with distance of distinct vision of U inches so a.s 
to look at a small object. Where must the object be placed ? 
Illustrate your answer by a figure. 

8. Explain how a person who is short-sighted is enabled by using 
a lens to see things at a distance. Of what sort and of what focal 
length should the lens be if the persoi! can only see things clearly 
up to 2 fpet away ? 

9. Desoribe a sextant and explain bow it is used. Explain care- 
fully how it is that you see the two images largely superposi^d and 
not merely beside each other. 

10. Show by a drawing how you would employ a right-angled 
isosceles glass prism to bend a beam of light at right angles. Will 
any light be lost at the hypotenuse? State fully the reasons for 
your answer. 



CHAPTER XIL 


MORE COMPLEX OPTICAL INSTRUMENTS. 

152. In this chapter we shall consider the more complex 
optical instruments — telescopes, microscopes, spectroscopes, 
etc., and consider the various devices by which spherical and 
chromatic aberrations are brought to a minimum. 

163. Pocket microscopes. We have already (Art. 147) 
discussed the use of a single convex lens on a magnifying 
glass. A lens of high power used in this way is called a 
simple microscope, and 4 most efficient if made plano-convex 
and used with its plane side towards the eye. The magni- 
fying power is inversely proportional to the focal length. 
I n practice it is found that, as the focal length is decreased, 
distortion and chromatic defects creep in, and a single lens 
only acts well if its focal length be not less than one inch, 
so that for greater magnifying powers recourse must be had 
to combination of lenses. 

The simplest forms of pocket magnifiers are — 

1. The Coddiugton lens. This was invented by Wollas- 
ton and is simply a sphere of glass (Fig. 177 A) in which a 



deep groove has been cut all the way round leaving only a 
small central aperture though which the rays may pass. 


S84 
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*2. The Stanhope lens. This consists of a cylinder of 
glass (Fig. 177 B) whose ends are ground to spherical sur- 
faces of unequal radii The dimensions are so chosen that 
when a small object is placed on the end of the lesser curvj\- 
ture, an eye placed close to the other end sees a lungniGed 
and well-delined image. 

3. Wollaston’s doublet. This was the first combination 
of two lenses used for this work, and in appearance is very 
similar to an inverted Huyghens eye-fficce (Art. 160). The 
deviation of the rays is borne equally by the two lenses and 
thus defects of aberration and achron.atism are minimised. 

154. The telescope. Tele^jcopes are employed for the 
purpose of obtaining distinct vision of distant objects, 
especially stars and other celestial bodies. Tiiey are of two 
kinds — refracting and refecting^ but the same general 
principle underlies them all* A real image of the object 
is formed by a convex lens {object ^lans) or concave mirror 
{speculum)^ and is examined by a magnifying glaj^s {eye-piece). 
There are several dilfeient forms of teksct)J;es, the details of 
construction in each case being adapted to the ptirpose for 
which that particular form is intended. 

155. The Refracting Astronomical Telescope. This 
instrument was invented by Kepler, the astronomer, in IGl J, 



but was first used by Huyghens in 1655. (jn its simplest 
form it consists of a convex lens, 0, fixed at one end of a 
brass tube (Fig. 178), and another and smaller convex lens, 

• The op^ra or field glass is not included in this general statement. 
It is also possible to construct a telescope entirely of prisms. 
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O', fitted in a tube which sMdes inside-the former. The lens 0, 
which first receives the rays from the distant ‘object, is called 
.the object glms^ and may be a simple convex lens ; but in the 
best instruments it is a compound achromatic lens (Art. 
Ifl8), having its focus at P. The lens O', at the other end 
of the tube, may also be a single lens, but generally con- 
sists of a system of two lenses, called an eye-piece^ the focal 
length of the system, O' F, being considerably smaller than 
that of the object glass. Considering the simple form 
shown in Fig. 178, the optical action of the instrument 
may be explained as follows. Let A, A, A, denote rays 
coming from a point A on a distant object A B.t These 
rays, after refraction through the object glass, 0, are 
brought to a focus at a. Similarly the rays B, B, B, 
coming ffom a point B on the object, are brought to a 
focus at i, and a real inverted image of the distant 
object is obtained at a 6. By moving the eye-piece 
tube the position of the lens O' can be adjusted so that 
the image ah falls just Within its focal length — that is, 
the distance of <fh from O' should be slightly less than 
the focal length of O'. With this adjustment an eye 
looking through 0' sees a virtual magnified image of a 6 at 
A' B' (Art. 86, 1, 2). If the instrument is focussed so that 
A' B' is seen an infinite distance from the eye, then a h 
is at the focus of O', Also, if the object A B is distant, then 
a 6 is practically at the focus of 0. Hence, under these con- 
ditions, the image a b is at a point which is the common focus 
of 0 and O', and the length of the telescope is equal to the 
sum of the focal lengths of the object glass and eye-piece^ 
For more distinct vision, however, the eye-piece is often 
focussed so that A' B' is seen at the nearest distance of dis- 
tinct vision, the distance o{, the image a h from 0' being then 
less than the focal length of the eye-piece, and the length 
of the telescope thus sUghtly less than the sum of the focal 
lengths^of the object glass and the eye-piece. If a near 

* If the object is very distant, then the rays A, A, A, are practically 
parallel. 

t Not shown in the figure. 
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object is viewed, the distance oi ah from 0 is greater than 
the focal length of the object glass ; hence in this case the 
length of the telescope is greater than the sum of the focal 
lengths of the objiot glass and e} e-piece It will be noticed 
that the image a 6 is inverted, and that, since A' B' is an 
erect image of a 6, the image seen on looking through the 
instrument is inverted ; this is immaterial in astronomical 
observations, but for terrestrial purposes it is necessary to 
have an erect image. In order, therefore, to adapt an 
astronomical telescope to ordinary use, it must be fitted 
with an erecting eye-piece similar to that described below 
(Art. 169, 8). 


166. Determinj^tion of the magnifying power of a telescope. 

In order to determine the magnifying power of a telescope, 
it is only necessary to obtain the ratio of the visual angle 
(Art. 147) of the image to that of the object, the latter 
being seen at its actual distance from the eye. If this 
distance is great, compared with the length of the telescope, 
then, in Fig. 178, AO B is practically the angle which the 
object A B subtends at the eye. Similarly A' O' B' is the 
angle which the image A' B' subtends, and the magnifying 


power is given by the ratio 


A'O B' 
’At)" B’ 


But thtj angle A 0 B 


is equal toaO^,au(lA'0 B is identical with a O' t (of. Figs. 

106, 167); therefore wo have ; and, the 

' A () B aOb 


angles involved being small, the magnifying ^ower is 

therefore approximately equal to j Now 

if the object is srery distant, the image a 6 is formed close 
to the principal focus of the object |las8 ; and, if the position 
of O' is adjusted so that a J is very near to its principal 
focus, then F and F' coincide with N, which then becomes 
the common focus of 0 and O', and the magnifying power is 
given by the ratio of the focal length of the object glass to the 
focoi length of the eye-piece. That is, if m denote the 
measure of the magnifying power, F| the numerical value 
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of the focal length of object glass, *and fx the numerical 
value of the focal length of the eye-piece, then — 


This, it must be remembered, is true only when the object 
is very distant, and when the eye-piece is placed so that the 
image a 6 is at its focus, and the virtual image A'B' is 
therefoie at infinity. ^ A slight increase in magnifying 
power is obtained by focussing so that A'B' is seen at the 
nearest distance of distinct vision. 

With this adjustment the magnifying power is^ “~]d) 

where D is the shortest distance of distinct vision. For, 
the image A' B^ being now at a distance D from O', the 
distance of a 6 from O' is given by — 

D tt *7 

where u denotes the required distance. That is — 

'1 * ^ ^ /-D 

/D' 

and the magnifying power, being now determined by the 


F . 1 . F(/-D 

ratio IS equal to — — 
w / D 

values and neglecting sign, 
fx^ 


\ or, substituting numoi ical 




Ezp. 44. To find the magnifying power of a teleecnpe. 

(1) Determine F and / by ordinary methods and substitute in the 

above equations, * 

(2) Focus the telescope on a distant object, such as a slate roof or 
a brick wall. Arrange that the image is formed in the plane of the 


* The sign convention is here neglected. Strictly m is nrgative 
because the image is inverted \ this is, seen from the ratio 

NO - F, and N 0' • *-/; that is, m 
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<fbject and thus all parallax is avaided. With one eye at the 
telescope and the other unassisted* then note how many slates or 
bricks as seen by the unaided eye occupy the same length as one 
slate or brick seen through the telescope. This number i8*the' 
magnifying power. ^ 

(3) Focus the telescope for infinity and then point it towardif a 
bright cloud or a strongly illuminated surface. Observe the bright 
circle on the eye-piece. Measure its diameter ah (Fig. 179) by 
means of a fine scale, and also the diameter A B of the object glass. 
Then clearly, 

ab^f, ^ 


ah / 


Nearly all telescopes contain stops (Arts. 46, 90) whoso function is 
to cut off the marginal rays proceeding from the object glass. In 
Fig. 179 the presence of S virtually diminishes the diameter of the 
object glass from A B to A' B', with a proportional decrease from a b 


to a' h' of the diameter of the circle of light on the eye-piece. To 
eliminate this error place a wide adjustable slit in front of the 
object glass and narrow it down until its shadow begins to encroach 
on the circle a' b'. Then carefully adjust it so as just' not to encroach. 
A" 

The ratio is the magnifying power. 

a b 

(4) Focus the telescope for infinity and point it towards the light. 
Remove the object glass, and obtain a real image of the circular 
opening in which the object glass fits upcm a transparent glass 
millimetre scale placed somewhere near E (Fig. 17^^). Denote the 
diameter of the circle by c d. Measure c d and A B. Then — 

* 6 ’ d 

The preof is as follows : Let v be the distance of the image from 
the eye-lens. Then, since the object is at a distance Fi -f A from 
the lens, we have — 


1 . 
Fi +/i fx 

AB F, +/, 


,^/»(F|4-/») 


But— 
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167. The refleeting telescope. • This assumes manj 
forms. The earliest described was invented by Gregory 
*in* 1663. In the most common, or Ifewtonian, form 
(5ig. 180), invented in 1668, the end of the tube turned 
tc^ards the object is open, and at the other end is a concave 
mirror or spmilum, S, of glass silvered on the front surface. 



This, if it were allowed to, would form at its principal focus 
a reil image a 6 of the object to which it is directed. But 
before reaching the focus, the rays fall on a total reflection 
prism (Art. 140), which djverts the image to a! b\ where it is 
examined through an eye-piece E in the side of the tube. 

A great advantage of a reflecting telescope over a 
refracting telescope is that no chromatic efiects are intro- 
duced at reflection, also if required for observation on 
celestial bodies, aberration can be completely eliminated 
by using a paraboloidal mirror (Art. 138). 

168. Why astronomical telescopes are made large. 
When an image is highly magnified, it is, of course, pro- 
portionately r^uced in brilliancy. Many terrestrial, and 
most celestial, objects are themselves comparatively faint. 
It is therefore desirable that the telescope should be able to 
grasp as much light as possible from the object. This is 
the reason for the employpient of object glasses or specula 
of large diameter or aperttm^ for the light-grasping power 
is proportional to the^uare of the diameter. By so doing 
many < 3 tars which are invisible to the naked eye are 
revealed. A long focus, and therefore a long tube, is 
used to give great magnifying power, and also to decrease 
aberration by keeping the curvature of the reflecting or 
refracting surfaces low. 
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* As a rule, astronomical telescopes are provided with 
several eye-pidces of different' focal lengths. This allows 
the observer a range in magnifying power which is nibst* 
convenient, as some objects will stand a greater magnification 
than others. 

Since light is a species of wave motion, the focus of a beam or 
the image of an object is simply the place where all the secondary 
waves reinforce each other.* It therefore follows that the image 
of a point source will always possess a Unite size. By increasing 
the aperture of the mirror or object glass, it may be proved that, 
quite irrespective of its focal length, the dimensions of the images 
of point-sources are decreased in the inverse ratio, hence the great 
advantage of mirrors and object-glasses of large aperture for stellar 
observations. An increase of magnifying power decreases the 
brightness of images of extended objects, for the field of view is 
now occupied by^ smaller portion of the object. It, however, 
increases the relative brightness of images of point-sources such as 
stars, for in this case, although the actual image is not made 
brighter, the brightness of the surrounding field is decreased. 

Achromatic ref racting telescopes give bctUir results than reflecting 
telescopes of the same size, but owinj^ to the immense care requiicd 
in the manufacture of good lenses over two f^et in diameter, most 
very large telescopes are reflectors. Lord Kosse’s large reficelor 
erected at Parsonstown, Ireland, in 1846, has a mirror of fi fe(‘t in 
diameter and focal length of 56 feet. The largest refracting tele- 
scopes are very costly and hence are to be found chiefly in America. 
The Lick and Yerkes instruments have apertures of 36 and 40 inches 
respectively, and focal lengths of 68 and 62 feet resfrectivoly. 

159. Equivalent lens. The image formed by a single 
lens is subject to several defects, due to spherical and 
chromatic aberiations. To remedy these defects it has 
been found necessary in optical instruments to employ 
achromatic lenses, or combinations of two or more ordinary 
lenses arranged along a common axis. 

To understand the actions of speh systems it is necessary 
to understand what is meant by an equivalent lens* A lens 
is saia to be equivalent to a (combination lof lenses when it 
produces the same deviatim in a ray incident parallel to its 
principal as that produced by the combinatioBi the 
equivalent lens being placed in the position of the first lens 

* See OatebpooPs ** Textbook of Soimd,” Art, 121, 
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<m which the light falls. The deviation produced by a lens 
is thus determined. Let FQ (Hg. 181) represent a ray 
‘indident at Q on the lens L in a direction parallel to the 
pipdipal ans ; then, if F represent the focus of the lens, 
tbu ray is reflected along Q F, and the deviation produced 
is measured by the angle F Q F — that is, by the angle 



V « 

Fig. 181. 


Q F 0. If this angle is small, it is approximately equal to 
its tangent 0 Q/0 F. That is, if a ray, parallel to the axis of 
a lens of focal length f be incident on it at a distance x from 
the axis, then the deviation produced is approximately given 
by the ratio xtf This is al^ approximately true when the 
inclination of the rays to the axis is small. 

Consider now a system of two lenses placed at a distance a 
apart on a common axis, and let it be required to determine 
the focal length of the combination. In order that all the 
quantities iny&lved may be positive, we shall take two cou' 



cave lenses, Li and Lg (Fig. 18^, of focal length /i and /g, 
llieB, IJhe deviation of the ray r Q produced by Li is equal 
to xxifi and the deviation of Q R by is approximately 
equ4 to that b, the total deviation b given by 
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field-lens, they are refracted through 6', which, in order 
that the rays •may emerge parallel, should be in the focus 



Pip, 185. 


of tho eye-lens. * To determine the position of a in order 
that a' 6' may be at the focus of E, we have-- 

L - - 1 

F d' F a 3/ 

where / is the focal length of the eye-lens. 

Also, if a' V is at tho focus of E, thei! Ea' = — /; and, 
since E F = — 2/, /. a' F = — /; tliat is, Fa' = /. 
Therefore — 

7 Frt 3/' 

or— 

L = ' = i- 

Fa /■"a/ 3/' 



That is, the rays coming from the object glass should, if 
uninterrupted, meet at a point behind the field-lens, or in 
front of the eye-lens, at a distance from either lens equal 
to hajf the focal length of the lens considered. If the 
object viewed is very distant, then this may be expressed 
by saying that the focus of the object glass sbeuld lie 
between the lenses of the eye-piece at a distance from either 
lens numermally equal to Imlf the focal length of that lens. 

It will be seen from what has been said above that the 
rays troax the object glass converge to a point behind the 
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fieldJens, and the image a h has therefore no real existence, 
the rays being refracted by P to form the iumge a! b\ For 
thib reason Huyghens* eye^piece has been called a mgaiivt 
eyjB-piece. 

•It should be noticed that the conditions of achromatism 
of this eye-piece have been deduced by applying the general 
conditions of achromatism to the formula giving the focal 
length of a single lens equivalent to the system of lenses 
forming the eye-piece/ Kow this formula for the equivalent 
lens has been obtained in accordance with the definition of 
equivalence given in Art. 159, and only implies equal devia> 
tion by the system and its equivalent. Hence the rays for 
which the eye-piece is achromatic will suffer equal devia- 
tions, and will therefore, on emergence, be parallel, but not 
neceaearil}/ coincident* The eye, however, treats all paraljel 
rays as coincident, so that the arrangement is practically 
achromatic, although the achromatism is not ^rfect ; 
moreover, since both lenses are of the same material, and 



Fig. 180. 


therefore of the same dispersive power, the system is equally 
achromatic for all colours. Fig. 156 illustrates the action 
of the eye-piece as an ad^*omatic system. The ray PQ, 
incident gn. the field-lens F at Q, suffers refraction and dis- 
persion, and tiie violet light travels along Q Y, while the 
red ligl^t travels along Q B, the intermediate rays lying 
between these extreme rays. Now QB is less deviated 
.t^n Q Y, and therefore, in order that they may be j^allel 
after emergence from 1^ the deviation of QB at B must 
begreater than that of Q Y at Y. This, as explained in 
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Art. 79 , will evidently, be the case ; and, if the lenses are 
properly chosen and placed, the emergent rays RR' and 
VV', together with all intermediate rays, will emerge* 
parallel, and appear to an eye receiving them to come from 
the same point. 

6. This eye-piece, though theoretically perfect, cannot be 
used in telescopes where measurements by the aid of cross- 
wires are made. The measurements are effected by means 
of a frame carrying cross-wires of £ne platinum wire, silk 
thread, or spider-threads in the focal piano of the object 
glass. The real image of the object being formed in this 
plane is coincident with these threads, and when viewed 
through a suitable eye-piece both image and cross- wires are 
magnified to the same extent, and any slight distortion pro- 
duced by refraction through the lenses of the eye-piece is 
the same for both. Hence points at which the real image 
and the cross-wires actually coincide are also the points seen 
to be coincident on looking through the eye-piece. The 
actual distance between any two points on the real image 
is readily measured by means of this arrangement, The 
frame carrying the cross-wires can be moved in its own 
plane by a micrometer screw with a graduated head ; * and, 
by bringing a particular cross-wire into coincidence first 
with one point and then with another, the distance between 
the two points can be read off in terms of the graduations 
on the micrometer head. This distance is readily converted 


into angular distance ; for, if F be the focal length of the 

object glass and d the given distance, then- gives approxi- 

Jb 


mately the required angular distance. Now it is evidently 
impossible to adopt the arrangement described above with 
Iluyghens* eye-piece, for the real^image of the object by the 
object glass is not formed, and the cross-wires could not be 
placed at a! V (Fig. 185), for points on alV have not neces- 
sarily the same relative position as the corresponding points 
of a 6 would have. 


7. For purposes of measurement, therefore, astronomical 


See ** Higher Text Book of Heat,” Art. 18 (2). 
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telescopoB are usually fitted with what is known as Baini* 
den’s eye-piece, which is sometimes called a po »iUve eye-p iece. 
•It ns usually made up of two plano-convex lenses of equal 
focal length, placed with their convex surfaces facing each 
other, and separated by a distance equal to two-thirds the 
focal length of either. The conditions of achromatism re- 
quire that the distance between them should be equal to 
the focal length of either; but if this arrangement were 
adopted the field-lens would be at the focus of the eye-lens, 
and would thereforiyinterfere with distinct vision, especially 
if the glass was not quite clear, or if any dust happened to 
lie on its surface. The distance between the lenses is for 
this reason reduced to two-thirds the focal length of either , 
and, although the system thus arranged is not perfectly 
achromatic, it is very nearly so. 

Let E and P (Fig. 187) represent the eye-lens and field- 
lens of Ramsden’s eye-piece. Rays coming from the object 



glass converge to a focus at 6 in front of the field-lens F, and 
passing through b fall on F, where they suffer refraction, and 
after passing through it diverge from 6', which, in order that 
the rays may emerge parallel from E, should be in the focus 
of that lens. That is, E at should be equal to—/ where / is 
the focal length of either, of the lenses. But — 

.-.Fa'--!/. 

Henee» to, determine the position of a &, we have— 

1 11 . 
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That is, the real image formed by tiie obji ct glass should 
fail in front of the field-lens at a dist{},nce from it numeri- 
cally equal to one-fourth its focal length. This is also the 
proper position for the frame carrying the cross-wii os. This 
eye-piece does not satisfy the conditions of minimum aberra- 
tion, but the curvature of the faces of the lenses is arranged 
to remedy these “defects as far as possible, and the hulistinct- 
iiess due to this cause is inappreciable. 

8. Tiie only other eye-piece that rued mentioned is 
the e7*ectivg eye-piece y nderred (o in Art. 155, which is us(mI 
to adapt an astronomical teloscoph for observ ation of terres- 
trial objects. It consists of four lenses*; the two nearest 
the object glass, A and B (Fig. 188), aie of equal focal 



Fig. 183. 

length, ai.d placed at ^ distance from each other; the 
two nearest the eye, ETand F, form a Ifiiyghcns’ eyo-piwe. 
Rays coming from the object glass meet at h in front or the 
lens A, and at a distance from ifr equal to its focal length. 
Passing through 5, the rays are refracted through A, and, 
emerging parallel, fall upon B, which brings them to a focus 
at V, In this way an inverted image of a b — that is, lin erect 
image of the external object — is formed at a^b\ and the system 
E P is adjusted to this image in the way in^cated in the 
figure, and explained above in reference to h ig. loO, xne 
four lenses are usually fixed in a tube in their proper 

20 
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relative positions, and tKe ^adjustments relative to the 
image ah are effected by sliding this tube in and out. 

In estimating the magnifying power of a telescope 
fitted with an eye-piece, the focal length of the lens 
equivalent to the eye-piece system must be taken. 

On looking at Fig. 178, it will be seen that the rays, after 
emergence from the eye-piece, cross in the plane indicated 
by E E j the section of the beam in this plane is approxi- 
mately circular, and, as it marks the proper position of the 
eye, it is called the eye-ring. Telescopes are usually so 
constructed that the aperture in the cap of the eye- piece 
indicates the position of the eye-ring ; hence in looking 
through a telescope the eye should be placed close up to 
this aperture. From this figure it will be seen that the 
eye-ring, or bright spot as it is sometimes called, is the 
image of the object glass formed by the eye-piece, and it 
follows from Exp. 44, 4, that the ratio of the diameter 
or radius of the object glass *** to that of the bright spot 
gives the magnifying power of the instrument. 


161. Beading or observing telescope, A small astrono- 
mical telescope is very useful for reading distant thermo- 
meters, scales, etc, A long tube, A (Fig, 189), carries an 
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Fig. 189. 


achromatic object-glass, 0j| at one end. A tube, B, slides 
into A, 0 into B, and a Bamsden^s eye-piece, D ipto 0. 
At F is fixed a ring, S, carrying the cross-wires. The 
tubes Bl 0, D can be moved by turning the mUled head, H — 
the so-called focussing screw. Thus the distance between 
the objective, 0, and the cross-wires can be adjusted 

* The diameter of the object glass is sometimes called the 
of the telescope. 
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without affecting the 'distance between the eye-piece and, 
cross-wires. 

To set a telescope up for use, first adjust the tube* X>] 
by sliding it in or out 0, until the cross-wires appear ckar 
and distinct to an eye placed at E; then direct the tube^to 
the object, and turn tlie milled head, Jf, until the image 
of the object and cross- wires appeiir distinct simidianeomly. 
Also move the eye about in front of the eye-piece ; there 
must be no movement of the image Relatively to the cross- 
wires, i.e. no parallax. 

162. Galileo’s telescope. This form of telescope was in- 
ventod by (jialileo in 1()09. It consists, like the astronomical 
telescope, of an^objcct glass and an eye-piece. 'Hie object 



glass is exactly similar to that of the astronomical telescope, 
but the eye-piece is dillerent ; it is simply a double- concave 
achromatic lens placed between the object glass and its 
principal focus, and at a distance from the latter equal to 
or slightly greater than its owf^ focal length. The optical 
action of this arrangement will be understood on reference 
to Pig. 190. 

0 represents the object glass, having its focus it F, and 
(y the eye-piece, placed so that the distance O' F is equal to 
or slightly greater than its focal length. We shall suppoM 
that O' F is equal to the focal length of 0\ and that F is 
therefore the oommon focus of 0 and O'. The rays A, A, 
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and B, B. B, coming from points A and B of a distant object, 
would, if uninterrupted, fonn an image a & at a point very 
iieai to F, but falling on O', these rays are refracted so as 
to diverge from the points A', B'. A virtual erect image 
of A B is thus seen at A' B' by an eye E. The position of 
this image depends upon the position of O' relative to ab; 
if the distance from O' to a 6 is equal to the focal length of 
O', then A' B' is at infinity ; but, if this distance is greater 
than the focal len^, then A' B' is nearer, and may by 
adjusting the position of O' be brought to the nearest point 
of distinct vision, as in the figure. For the purpose of 
easily effecting this adjustment the eye-piece is mounted in 
a sliding tube D.T. (Fig. 190^ called a draw tube, which 


slides in the main tube M.T. of the telescope. 

The ma*gnifying power is given, as in ^he case of the 

astronomical telescope, by the ratio that is, if the 

aUD 


object viewed is very dis^fint and the image A'B' is at 
infinity — 


ah / _ 0 F _ F 

O' VI Of O'V 7 


where F and are respectively the focal lengths of the 
object glass and eye-piece. 

The chief advantages of this form of telescope over the 
astronomical are, that the construction of the instrument is 
simplified, its length is reduced, and an erect image is 
obtained directly without the aid of a special eye-piece. On 
the other hand, the disadvantages are numerous ; the errors 
of aberration are imperfectly remedied, cross-wires cannot 
be used for the reason expljiined in connection with Huy- 
ghens’ eye-piece, and the 'magnifying power and field of 
view are very limited. This last disadvantage arises 'from 
the fact^that the eye-ring is virtual, and therefore lies 
inside the instrument, so that only a portion of the rays 
diverging from it can be received by an eye placed at the 
eye^inece. 

Jw these reasons the Oalilean telescope is best adapted 
for observation of terrestrial objects and where only a 
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Email magnifying po<irer is required. Opera glasses, field 
glasses, and some marine glasses are the principal forms of 
the instrument. These forms are usually Sinocwfer — that 
is, they consist of two telescopes with parallel axes, mounte<l 
so that both eyes may be conveniently usc‘d in looking at 
any object. 

163. The compound microscope. The compound micro- 
scope is in principle exactly similar to the astronomical 
telescope. The difference be- 
tween the two instruments 
results from the adaptation of 
the object glass, or objective as 
it is called in^the case of the 
microscope, to the purposes of 
the instrument. The objective 
of a microscope, 0 (Fig. 191), 
is essentially a convex lens o{^ 
very short focal length. The 
small object to be viewed, A B, 
is placed close to 0 at a distance 
slightly greater than the focal 
length of that lens, and a real 
image of this object is formed 
at a i in front of the eye-pi(*ce 
O'. An eye looking through O' 
sees, at A' B', a magnified 
virtual image of this already 
magnified real image, and by 
adjusting the pasition of O' 
this virtual image can be seen 
at the nearest distance of« 
distinct vision. 

In actual instruments the objective is geaonilly a com- 
plicated system of several lenses, constructed and Arranged 
in order to diminish as far as possible the eiTors of abeiTa- 
tion. Owing to the nearness of the object to the objective, 
the obliquity of the incident pencils is very great, and hence 
spedal precautions have to be taken to prevent exoeeitve 
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Bplaerical aberration, Ther eye-piece‘is usually an ordinary 
Huyghens' eye-piece, but wW measurements have to be 
made a Ramsden*s eye-piece must be substituted. 

Pwing to tlie great magnification produced, the object 
requires to be very brilliantly illuminated, or the image at 
A' B' would be too faint to be of any use ; hence most 
microscopes are provided with a. reflecting mirror, mounted 
so that it can be easily placed so as to concentrate light 
on the object viewed. ' The magnifying power is evidently 
determined, as in the case of the simple lens (Art. 147), by 
. A'B' 

the ratio g , for both object and image are supposed to 

be seen at the nearest distance of distinct vision. But 
AB' A'B' ah A'B' . 

S3 * * AIB* ^ magnification produced 

by the eye-piece, and is approximately equal to 
where D is the nearest dis^lance of distinct vision and / is 
the focal length of the eye-piece. Also *= 0 ^. There- 
fore the magnifying power is approximately given by — 

"* 0 /)0A- 

But D, /, and Oa are constants, for the same adjustment 
of the same eye-piece. ' 

That is, the magnifying power varies inversely as the focal 
length of the objective. For example, the magnification * 
produced by an objective of ^ inch focal length is approxi- 
matdv three times that pii»duced by an objective of 1 inch 
focal length. 


Exp. 4 ip. To determine the magnifying power of a microec^. 
Adopt the method of Exp. 44, 2, using, however, two soales— one, a fine 
one for observation through the microscope ; the other, a coarser, 


* It must be understood that throughout this chapter “ magnifica- 
tion ” means linear magnification. 
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*0116, for observation with the naked* eye. The magnifying power is 
the true ratio of apparently equaLlengths. 

Instead of cross-wires microscopes are often provided wijh a 
minutely divided scale in the eyo-pieee called a miorovieter 
for the purpose of measuring bodies of small dimensions. B^ore 
the absolute lengths can be got, the micrometer scale divisions 
must first be expressed in millimetres ; and this is done by focussing 
the microscope upon a finely divided scale called a Jitaffe micrometer ^ 
graduated in millimetres and tenths, and noting how many <U\ isions 
of tbe eye-piecc scale are apparently equal to a millimetre. The 
object to be measured is then placed on ttie stage of the microscope, 
and its dimensions obtained in terms of the eye-piece scale divisions, 
and then by simple aiithmeiic calculated in millimetres. 

There is no limit to vision. Any particle, liowever minute, 
can be seen as long as it can bo suitably illumintiied. Jf 
the dimensions of the particle are much loss than half 
a wave-lGiigtl*of light it is only seen as a whole, i.e, its 
separate parts cannot be discriminated. The visibility of 
sucli particles is effected by focussing an intonso beam 
of light upon thorn, and then viewing them through a 
suitably placed microsoo{)e, wJion they appear as bright 
points. The case is analogous to thiit df dust-moles, which 
though as a rule invisibh* to tlie nakwi eye, are easily seen 
when a strong beam of sunlight passes flirough the air in 
which they are situated. 

164. The spectroscope. This is an instrument con- 
stnict(‘d for the jiroductiou and careful examination of pure 
spectra (Art. 103). It consists essentially of three parts — 
the collimoitor^ tlu,* and a tekacojje. The collimalor^ G 

(big. 192), is a tul)e, like a telescope tube with a dit, S, at 
one end, and a lens, L, at the other. The slit is an im- 
portant part of the instrument ; it consists of metal jaws 
with exactly })araUel edges, an|J its width can bo adjusted 
by njiCans of an attached screw* arrangement. The length 
of the collimator tube is such that when properly focussed 
the slit is at the principal focus of the lens. • 

The prisniy P, is a short prism of glass of triangular 
cross-section, similar to those referred to in Art. 78. 

The tdescopej T, is a small astronomical telescope, exactly 
similar.to that described above in Art. 161. The arrange* 
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ment of these three parts is shown in the figure ; the tele- 
scope and collimator are attached to a central pillar and 
taWe, on which the prism is placed. The source of light 
wh^e spectrum is required is placed at S, so that the light 
from it falls directly on the slit of the collimator. The rays 
diverging from the slit are refracted through the lens L, 
and, emerging parallel, fall upon the prism P, where they 
again suffer refraction. Here each ray of the incident 
beam has the same angle of incidence, and rays of the same 
refrangibility will therefore be deviated to the same extent ; 



Fig. 192. 


hence, on emergence from the prism, the rays of each con- 
stituent of the dispersed beam will be parallel among them- 
selves, though not to those of the other constituents. The 
position of the telescope is adjusted to receive this emergent 
beam ; and, if the eye-piece is focussed for parallel light, a 
person looking into the telescope will see a magnified image 
of the pure spectrum which is formed in the focal plane of 
the object glass. 

For purposes of measurement the instrument is often 
fitted with another tube, T' (Fig. 193), carrying a scale at 
one end and a collimating lens at the other. This tube is 
placed with the lens facing the prism, and its position is so 
adjusted that an image of the scale, illuminated by some 
convenient source of light, is reflected from one face of the 
prism into the telescope. When the scale tube is properly 
fooossedi the image of the scale will be seen in the telescope 
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in coincidence with the spectrum, and the position of any 
line or band of the latter can*be referred to its position on 
the scale. 

By means of this scale the lines of any spectrum cai^ be 
wMi/]^?e<^~-*that is, their position, as given by the divisions of 
the scale, can be noted down. A map constructed in this 
way has, however, no absolute value, and would be different 
for different instruments, or for a different adjustment of 
the same instrument. We can, however, by a graphical 
construction, reduce it to an absolute scale of wave-lengths 



Fig. m. 


By obberviug the position of a number of lines of known 
wave-length we can construct a curve, having as its abscissae 
the scale divisions and as ordinates the wave-lengths oorre- 
8j>onding to given positions on t]^ scale ; thou, by noting the 
}K)sitipn of any line on the scale, ind measuring the ordinate 
of the curve corresponding to that position, we can determine 
approximately the wave-length of the line considened* 

Very often it is necessary to compare two spectra. This 
is best done by arranging to obtain both spectra together 
in the same field. For this purpose a small right-angl^ 
total-rejection prism is fitted over the other half of the slit 
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of the collimator, and a source of light, giving one of the 
required spectra, is placed on one side, so that the rays 
.from it are totally reflected into the upper half of the slit. 
The other half is illuminated directly by the source giving 
thd 0 other spectrum, and thus both spectra are seen together, 
the one in the upper half of the field and the other in tlie 
lower half. See also Art. 167. 

Fig, 193 shows a simple form of spectroscope. 

In the best forms of the instrument there are two or 
more prisms instead of one. This is necessary in order to 
obtain greater dispersion ; with one prism only a compara- 
tively short spectrum can be obtained, and any peculiarities 
are not readily noticed. With a train of prisms so that the 
light passes successively through them the dispersion is in- 
creased by each prism, and a very long spectrum is obtained. 

166. The spectrometer. This is a modification of the 
spectrbscope adapted for accurate measui*ement. 

Fig. 194 illustrates Wilson’s * form for students. The collimator, 
0, is fixed to the base. The telescope, T, is mounted on a rotating 
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piece which carries a circular scale graduated to degrees. The 
prism, P, is mounted on an adjustable table which can be levelled 


• W. Wilson, 1, Belmont Street, Chalk Farm, N.W. 
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by three screws, and this in turn may be raised or lowered and 
afterwards clamped to the spindle^of a circular plate which carries 
two verniers (180® apart) which slide alongside the circle attached, 
to the telescope. F, F are fiue adjustments to be used after the* 
prism and telescope are clamped in position. The verniers read 
to minutes of arc and for accurate work are read by a snihll 
magnifier, M. 

Adjustments of the spectrometer. Before the spectrometer can 
be used it must be accurately adjusted. Any time spent over this 
process will be saved over and over again by the rapidity and 
accuracy with which the readings can be taken. The onier in which 
the adjustments are performed is as follows : — 

(1) The eye-piece is focussed on the cross-wires. 

(2) The telescope is focussed upon a distant object; the oixjss- 
wires and eye-pioco arc in a small tube by themselves so that this 
adjustment does not disturb the*previous one. The adjustment is 
correct when on moving the eye transversely across the eye-piece 
the image of thd <listant object remains at rest relative to the 
cross-wires. 

(8) The collimator and telescope are now brought into a straight 
line. The slit of the former is now illuminated and the adjustable 
tube on the collimator moved until the imago of the slit as viewed 
through the telescope is distinctly fBcussed, the adjustment being 
tested as above. 

If a distant object is not available, the following method due to 
iSchustcr may be used ; Fix a prism with its refracting edge vertical 
upon the turn-table, and illuminate the slit of the collimator with 
sodium light. Find the position of the slit at minimum deviation, 
and fix the telescope at about three-quarters of the diameter of the 
field of view beyond it. Then on turning the ytiSta round In one 
direction the slit moves towards the direction of the incident light, 
stops still, and then comes back. It, therefore, may be brought 
twice to the centre of the field. To distinguish between the two 
{positions of the prism when this occurs, call the position when the 
prism face upon which the light falls is more normal to the incident 
rays the “ normal ” position, and the other position the “slanting’’ 
[)Osition. Place the prism in the slanting position, bring the slit 
to the centre of the field, and focus telescope on it till image is 
quite sharp. Now rotate prism to the normal position. In general 
the slit is out of focus. Adjust colimator till image is good. Nov^ 
turn back again to slanting position and focus the telescope, and 
then back again to normal position and focus the collimator. After 
this has been done two or three times the collimator alit^irill be in 
focus, without alteration of collimator or telescope, in both positions 
of the prism; and when this is the case the rays leaving the col- 
limator and entering the telescope are parallel. 

The proof Is simple. Since the slit remains in focus, it follows 
that the virtual image formed by the prism is at the same distanoe 
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from the telescope in the two<po6ition8 ol the prism, that is to say, 
the distance between the prisnf and the virtual image of the dit 
^is /lot altered by altering the angle of incidence* Bat it can be 
proved — ^by calcnlation or practical geometry— that the distance 
ofr the image from the prism varies with the angle of incidence of 
tin rays, except in the one case when the image is at infinity, 
and consequently the incident rays are parallel The collimator 
is therefore sending out pmllel rays of light, and the telescope is 
adjusted to focus such rays. 

166. Xxperiments w^.th'^the speotrometerr* 

(1) The angles of a prism are easily determined by the spectro- 
meter. Two methods are available ; the agreement of the two sets 
of results is a test of the accuracy of the instrument and observer. 

(a) Mount the prism on the table, T, with the angle, A, which is 
to be measured pointing towards the collimator, and level T until the 
refracting edge of the prism is exactly vertical. Parallel light 




leaving the collimator is split into two parallel beams (Fig. 195a) by 
reflection at the prism faces A B, AC. Clamp the prism table in 
position. Sight the telescope upon each beam in turn, bring the 
images of the slit to the cross-wire and read the verniers. It is 
obvious that the angle through which the telescope has been rotated 
is equal to twice the angle o!,,Uie prism (of. Art. w), 

(5) Mount the prism so that its refracting edge is just over the 
centre of the table Rotate the telescope to a position about 9(P 
from tb& collimator and clamp it. Now rotate the prism until the 
light reflected from the face AC, Fig. 195 b, is sent down the 
tmoacope. Adjust until the image of the slit is on the cross-wire, 


^ See Bower and Satterly’s **PractioaI Physics/’ $§ 150-62, for 
a more Mailed list ai experiments. 
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and read the yemiers attadhed to the prism table. Next rotate the 
prism table until Might reflected at Ihe face AB is sent down the 
telescope and again read the verniers. The angle through which , 
the prism has been turned is obviously equal to the supplement of 
the angle BAG. The other angles may be measured in like 
manner. • 

(2) The refracting angle of a prism being known, the determination 
of the refractive index of the material composing the prism is easily 
made. The slit is illuminated by monochromatic light, say by a 
sodium flame. First set the telescope to get a direct reading of the 
collimator slit, place the prism on the taSle in a suitable position, 
and locate the refracted image of the slit by the naked eye. Then 
bring the telescope around to view it and adjust to the position of 
minimum deviation as described in Art. 97, Take the reading of 
the telescope. The angle tlirongh which tho telescope has been 
rotated from the first position is equal to D in the formula 




sin 


D f A 



from which ^ can bo readily calculated. If the refracting index of 
a liquid is required, the liquid may bo placed dn a hollowed glass 
prism (P' Fig. 194), or in a prism whose sides are composed of three 
parallel-sided plates cemented together at the edges. For a more 
commercial method see Art. 168. 

(.3) By a similar experiment to (2) the dispersive power of the 
substance composing the prism may be determined. If a very 
accurate value of the dispersive power is not rfftpilrcd the slit 
may be illuminated by an ordinary luminous batswing flame. Set 
the prism in a position of minimum deviation for the mean or 
brightest rays. The orange-yellow sodium light will do well for 
this. Put a little common salt into the flame and take the reading 
of the sodium line. Now remove the salt and take the readings of 
extreme limits of the red and violet ends of the spectrum. The 
refractive indices nn Mp raay now be calculated, and by meaps 
of the formula 


t ^ 

the dispersive power can be found. To get a more accurate result 
two definite kinds of light must be used, say the r^ and the violet 
lines given by the spectrum of hydrogen, or potassium. 

(4) As in the preceding article, spectra may be mapped ; the only 
difference now being t^t the prism is flxed in toe position of 
minimum deviation lor Ure D*ligbt, and the alit being illuminated 
by the various l^hto la turo* we angle ol deviation is read for 
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each. The curve can then berplotted between the wave-length and 
the angular deviation. For som^ metals the salt Can be heated to 
.inoandescence in a Bunsen flame, others require the electric arc ; 
in the case of liquids the spectra are obtained from the light yielded 
by electric sparks between two platinum points, one of 
which is in the liquid, and the other just above ; while 
in the case of gases, vacuum tubes are used, the narrow 
part of the tube being placed in front of and parallel to 
the slit (Fig. 196). 

If the ordinary eye-piece be removed and a photographic 
objective substituted, photographs of different spectra 
may be obtained. These photographs confine themselves 
chiefly to the violet and ultra violent ends of the spectrum, 
the red light, as mentioned in Art. 112, being photo- 
graphically weak. 

. 167. The Doppler effect* in spectroscopy. If 
a source of light is moving towards an observer 
the wave-length of the light sent to him is 
decreased, and if moving away from him the 
wave-length is increased. Consequently the linos 
in the spectrum of this light are displaced, towards 
the violet end of the spectrum in the former case 
and towards the red end in the latter case, the displact*ment 
being approximately proportional to the relative velocity 
of approach or regression. If then, by means of a com- 
parison spectrometer similar to Fig. 193, the spectrum of 
a moving body is compared with the spectrum of a 
stationary flame giving some of the same lines as the 
body, the displacement of the lines can be easily measured, 
and from that the velocity of the body ascertained. By 
such means Dr. Huggins has shown that the bright star 
Sirius is receding from the earth with a speed of thirty 
miles a second ; and Professor Keeler has shown that the 
rings of Saturn consist*^ of a multitude of meteorites 
revolving around the parent body. The Doppler^ effect 
taken m conjunction with the Kinetic Theory of Gases t 
also explains why the lines in the spectrum of a gas widen 
when the temperature of the gas is raised. 

* See Catchpool’e Textbook of Sound." Art. 26. 

t See WagiteJFs ** Properties of letter," Art 171. 
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168. Befractometers.* The refractive index of a given 
liquid at a given temperature and for the same light ip 
constant ; hence the refractive index may be employed as a* 
means of identification of a liquid. For a more rajgid 
measurement of the index than is possible with the spectro- 
meter several instruments have been devised of which 
probably Pulfrich's Refractometer (Fig. 197) is the best. 
A short glass tube some 15 mm. 
in diameter and containing about 
1 or 2 grammes of the liquid is 
cemented on a right angled prism 
placed so that one of the faces 
enclosing the right angle is hbri- 
zontal. A beam of monochro- 
matic light, made to pass at 
“grazing incidence” along the 
surface between the liquid and 
the glass prism, is rofracied^ 
downwards into the prism at an 
angle, r, with the normal which cannot be greater than the 
critical angle from glass to liquid, and tinally einejges into 
the air at an angle e with the normal of tht‘ v» rtical fact* 
of tho prism. This latter angle is oksorved by means of 
a telescope T moving round a gradual ('tf scale shown 
diagrammatical ly in the figure. If ,,/Xf, „fig represent the 
refractive indices of tho liquid and tho glass of the prism 
respectively, then we have for the lust refraction — 

^ _ sin i 

afAi hill r sill r 

and for tho second refraction — 



aflg 


sill e vsin e 

sin^yO'' {.:o» r 
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169. The direct vision' speotrosdope. This is a con* 
venient form of spectroscope for the qualitative examination 
of &mes and incandescent bodies. As explained in Art 106 
a crown and a flint glass prism may be combined to give 
dis^rsion without deviating the mean ray. By using 
several prisms with their edges alternately in opposite 
directions a very large dispersion may be obtained. The 
prisms are enclosed in a brass tube B, Fig. 198, provided at 
one end with an adjustable slit placed parallel to the 
refracting edges of the prism. Light leaving the slit S is 
rendered parallel by means of the lens L. It then falls on 
the prism combination, which may consist of three crown 
glass prisms united to two 'prisms of flint glass. The 
refracting angles and indices of refraction ai;e so chosen that 



Fig. 198. 


the brightest ray in the spectrum passes through without 
deviation, whfie the red and violet rays are deviated in 
opposite directions, 198 only shows the path of the 
rays arising from the central incident ray. The spectrum 
formed may be viewed directly or magnified by a short 
telescope, as in the figure. For their size these spectroscopes 
can be made very powerful and are of great service in 
chemical, physiological and rainband observations (Art. 114). 

170. Binocular vision, stereoscope. If our eyes were 
fixed in their sockets our neld of view, were we to keep the 
head fixed, would be very limited. The eyes, however, can be 
moved eibout 55® in every direction about their mean 
positions, and distances are usually judged by the amount 
of convergence we have to impress upon the optic ax^. It 
is extremely difficult to judge a distance accurately with one 
eye, as the reader will find if he tries to quickly place the 
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point of his pen upon any small abject on the table. Now 
to every point «n one retina there is a corresponding point 
on the other, so that although two images of an object are 
formed by our eyes the brain is only cognisant of one. 

When we look at a relatively near object of three dimeS- 
sions, i.e.y one having length, breadth and thickness, the 
images formed on the retinas of the two eyes are not exactly 
alike, as the positions of the eyes are slightly different. 
This is rendered very apparent if we stand near and look at 
a clump of trees and quickly open and shut each eye in turn. 
The brain, however, blends these images into one, and the 
effort required for this gives us an idea of the solidity of the 
object. In the ca&e of an ordinary picture the two images 
are almost exactly alike, hence tluj flatness which is nearly 
always very apparent; indeed, artists sometimes try to 
surmount this difficulty by exaggerating the pei’spective 
effects. 

The stereoscope is an instrument invented by Wlioat?!tone 
by which ordinary photographic* pictures may be made 



Fisr. 

to yield to the eye the appearance of depth. Two photo- 
graphs AB, A' B' (Fig. 199), of the same object are taken 

21 




LIGHT, 


322 * 

in twp slightly different positions — the positions that "a 
person's two eyes would be in if he were actually observing it 
from about the same position as that in which the camera 
is placed. 

♦These are then correctly mounted on one card and then 
viewed through separate, very acute-angled prisms. These 
prisms are set with their angles inward ; so that the rays 
from a point 0 in the right-hand picture, A B, are deviated 
outwards and enter the right eye Ei, as if they were coming 
from a virtual ima^e much to the left of 0. Similarly the 
rays from the corresponding point 0' in the picture A' B' 
enter the left eye E 2 as if they were coming from a virtual 
image to the right of O'. By varying the distance of the 
pictures A B and A' B' from the prisms, it is possible to 
make the virtual images of O and 0' coincide at a point 0 , 
say. At the same time, other virtual images will coincide, 
and thus, instead of two different pictures A B, A' B' being 
seen, ‘only one — a b, a virtual image of these two — is per- 
ceiv^, and the impression produced on the mind of an 
observer is the same as if he were looking at the object 
itself, the front parts of the object appearing to stand out, 
and the back parts to sink back. 

The surfaces of the prisms are usually curved convex, as 
indicated in the diagram, so that the images are magnified 
as well as superpos^, thus making the detail much ck^arer. 
The best results are usually obtained when the two pictures 
are so mounted that the distance between corresponding 
points is nearly equal to the distance between a person's 
two eyes. 
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171. Thb following relations, proved in the preceding chapter, 
should be noted : — 

(1) The magnifying power of a telescopy adjusted for normal 

vision of a distant object is where F and /are respectively the 
fo 9 al lengths of the object glass and eye-piece. (Art. 166.) 

(2) If B’ denote the focal length of a single lens equivalent to a 
system of two lenses of focal lengths and and placed at a 
distance a apart, tljen — 

1 

~h' '' 


1 1 . 

/i J\f% 


(Art. 159.) 


(3) Conditions of achromatism for two lenses in contact, «if focal 
lengths /, /j and of materials of dispersive powers w, respec- 
tively — 


-Zi + 

/i J i 


(Art. 160, 1.) 


^^(4) Condition of achromatism for two lenses of the same maleiial 
of focal lengths /^/j, separated by a distance a - 

rt ^ ~ ^*(Art. 160, 2.) 

'(s) Condition of minimum aberration for the same h'nses — 

^ (Art. 160, 3.) 

1^6) Conditions (4) and (5) arc satisfied if /, -- 3/j. (Art. 160, 4.) 

(7) The Iloyghen’s (or negative) eye-piece consists of two plano- 
convex lenses (/. == 3/-) separated by a distance equal to 

(Alt. 160, f).) 

(8) The Ramsden's (or positive) eye-piece consists of two plano- 
convex lenses C/l = />) separated b^^a distance equal to |/,. It 
alli^ws of the use of cross- wires and eye-piecc scales. (Art. 160, 7.) 

^(9) The magnifying power of microscope adjusted for normal 
vision is — 




where F, /, are the numerical values of the focal lengths of objective 
and eye-piece, D is the least distance of distinct vision, and I is a 
constant (dependent on the length of the instrument. (Art.163.) 

823 
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172. Miscellaneons propositions. The following propositions acs 
frequently convenient , 

(iJ) Refraction at a migle spherical surface, the distances hevng 
measured from the centre of the refracting surface^ As in Art. 66, 
we^obtain with reference to Fig. 79— 

^ N A ■ A' o' 

Now distances being measured from 0, let 0 A be denoted by^, 
and 0 A' by g. Then — ^ 

A"0 = -i?. NA' = ^~r, 

N A = — r, A' 0 = — g'* 

EA' = (?-’•) (g - »•) 

N A A' O — iip — r') S (j> — r)’ 

■ u = 

qip-r)' 

pq —pr •• t^p q g r, 

figr-^pr^fipq--pg. 

Therefore, dividing* by^ ^ r, we get — 

IL^L^fLzl 

p q r 

This relation is similar to the formula— 

ii _ i. = M ^ 

V u r * 

obtained in Art. 66. The two formulae are identical in form, the v 
and u of the latter being replaced by^ and a phonetic method of 
remembering the connection. It must, however, be remembered that 
p corresponds to w, and q to r— that is, in both formulae the first in 
alphabetical order gives the distance of the object, while the other 
gives the distance of the image. 

(2) Refraction through a^^spherical lens. Refraction through a 
spherical lens is a case of some practical impoitance. Let 0 repre- 
sent the centre of a spherical lens N B C N', and let A B be a ray 
incident*' on the lens at B. The ray here suffers refraction, and, 
travelling along B 0 in the lens, appears to diverge from a. On 
emergence at C, it is again refracted, and, travelling along C D, 
appears to diverge from A . The point A' is thus the conjugate 
foous of A. Cp. Fig. 98. 



CALCULATIONS. 


325 


• To determine tlie positiojiof a, we npi&t apply the formula deduced 
above. I^et 0 A be denoted by 0 N by r, and 0 a by ; then— 


fi 

P 


q' ;• 


(i5 


where denotes the index of icfniction Irom the external ineditim 
into the lens. Again, to find k\ w'e must consider refraction at the 
second surface of the lens. Ilere, denoting 0 tf , as before, by q* and 
O A' by we have— 



q’ q - ‘ 


Or, multiplying by /i, we get— 


i - 

q' q r ' 
Adding equations (1) and (2), we get - 


C2) 


or— 


^ _ 2 f/i ~ I) 

p q ; ‘ 

1 - I - "■ ‘ \ 

* p q 


1 _ 1 JKp -- 1 ) 

q > “ ' gr ■ 


This establishes a relation f(;r a spheiical Inns sindl.u f to tlie usual 

formula, ~ — J. i ^ for ordinary lenses, llenc^the fne.d length 
V u J 

of a spherical lens of ladins r (r being coiusidert d I'ositive) is gi\cu 
by— 


A spheiical lens has the advantage that .iny lino through 0 may 
be considered as a principal axis, and therefore the formula obtained 
above is true for refraction along any diameter. The focal plane of 
the lens is thus a spherical surface concentric with the surface of the 
lens, and of radius numerically cqua%to the focal length of the lens. 
The Cftddington lens (B’ig. 177 a) is a common form of spherical lens. 


j • 

* For, — is the index of refraction from the lens into the external 

/* 

medhrm (Art. 53), and ON'ss— ON=* — r. 

f It must, however, be remembered that in this case distances are 
measured from the centre of the lens. 
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Examples iX. • 

1. A biconvex lens silvered on one of its faces is often used as 
adbncavG mirror on the magnet-suspensions of electrical instruments. 
If the focal length of the lens is I and the refractive index of tlie 
glfss is find a rule for calculating the focal length of the mirror 
formed. 


If r and « are the radii of the front and back surfaces of the lens 
we have by Art. 82— 




( 1 ) 


Now considering each surface in turn we have 

(a) Parallel light reaching the front surface of the lens (Fig. 200) 



Pig. 200. 


is refracted and, converged to a point P distant rj from 0 the ccntri? 
of the lens, where— 

( 2 ) 

r, 00 7* * 

(b) The light is reflected at the second face and now converges 
to a point, Q, distant v.^ in front of the lens where is given by— 



(c) The beam is again refracted at the front surface ai^d now 
converges to a point F in front of the lens. The distance from F to 
the lens ig equal to / the focal length of the effective mirror. / is 
given by— 

r., f r ^ ^ 

From equations 1, 2, 3, and 4 we must now eliminate t'l and 
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•Multiplying (3) by /x we get— 

ii + rf!. 

r.. r, s ’ 

Subtracting this froni (4)— 

- JL - /iJli . 

/ f\ r s ‘ 


Substituting fur the value given by equation (IM- wo have— 
/ *" /* *v 


,, -I 

r*- . V 


I i 

i 


2(/-»V 


^ 2. Find the focal length of a singly, leiis equivalent io a conj))hia- 
tion of a convex lens of 8 inches focal huigth aixl ii t'oncave len^ of 
12 iiiclies focal length placed 1 inches ai)art oi? a common axis. 

Here, applying the formula — 

\ \ \ ft 

, ■ - . -t - . i . . , 

I'’ Jl J: JJ. 

A ■ - ^ /• 

. 1 ^ _ 1 1 \ 

' ' K S 12 ‘ - S X 12 


K... - 12. 

Thai is, a convex lens of 12 inches focal length is ecpiivalent to the 
given combination. 


3. An astronomical telescope is used to view an object placed at 
20 yards distance, and the eye-piece is adjusted for nearest distinct 
vision of the image. Find the magiFWicaiion, given that the focal 
leiigtl>of the object glas.s is 2 feet, and that of the eye*pieoo 4 inches. 
What will be the magnifying power of this instrument when adjust e<l 
for normal vision of a very distant object 1 , 

Here, in Fig. 178, if N denote the position of the real image 
formed by llie object glass, we have — 


1 

OS 


^ ON = - 

2 29 


GO 



828 


LIGHti* 


Also, if the nearest distance^of distinct vision be taken as 10 inchek, 
then— 

I _ JL_ -1 

10 O' N 4 * 

‘ ■ O' N 10 4 20’ 


O' N = ^ inches 
= ®feet. 


But, as shown in Art. 166, the magnifying power is given by the 

ON 
ratio grjj- 

£N _60 21 262 

“ “0'n“ 29 "" 6 ” “ 2V 


That is, the image of the object is inverted, and appears about 8| 
times greater than the object itself. When adjusted for normal 
Tision of a very distant object, Dhe magnifying power is approximately 
given by — « 

m « y * ~ « 6 (numerically). 

The student should notice from this example that the magnifying 
power of a telescope varies with the distance of the object and with 
tM adjustment ^ the eye-piece. 

V 4, llie dispersive power of crown glass is about *03 and that of 
flint glsiss about *05. 8how how to construct a converging achromatic 
lens of 60 cm. focal length. 

From the formula— 

4 - - (Art. 160, 1) 

_ ft 

we have— 


(1) 


/. '03 3 

Jt “ " -06 “ ■ 6 

where /i and/j are respectivelj^ the focal lengths of the crowp-glass 
and flint-glass lenses. 

Also, fmm— 
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From (1) we get/, = -'-I" / 1 therefore, substitating, we get — 
”60 /, 6/, ■ 5/, - 

That is— 

6 /, = - 120 . 

/, = - 24 cm. 

Also 

/j = - y/i •= |- X 24 = 40 cm. 

• 

Therefore the compound lens must be made up of a convex lens of 
crown glass of 24 cm. focal length, and a concave lens of flint glass 
of 40 cm. focal length. 

5. The images formed by the objective of a microscope arc 8 inches 
from the objective. Find the magnifying power of the Instrument, 
given that the focal length of the objective is ^ inch, and .that of the 
eye-piece 2 inches. 

6. The focal length of the object glass of a telescope is 3 feet, and 
that of the eye-piece is 3 inches ; draw a curve sliowing how the 
magnifying power varies with the d^ance of the object. 

7. Find the focal length of a lens equivalent to a combination of 
two lenses, each of focal length/, and placed at a distance 2/ apart. 

8. Describe a simple form of microscope with two lenses, and trace 
pencils from diJfferent points of an object through it. If the ia>h 
emerge parallel to one another, what change must be made in the 
position of the lenses in order that the object may^be clearly seen 1 

9. Describe the astronomical telescope; trace the course of a 
pencil of rays through it from any point of a distant object ; and find 
the magnifying power. 

10. What is meant by the chromatic aberration of a lens, and how 
is it corrected in the object glass of a telescope ? 'Jho mean refrac- 
tive indices Of two specimens of glass are 1*52 and 166 respectively ; 
the differences in the indices for the same two lines of the spectrum 
are 018 for the first, and 022 for the second ; find the focal length 
of a lens of the second glass, which, Vhen combined with a convex 
lens ofe 60 cm. focal length of the first, will make an object glass 
achromatic for these two lines. 

11. Describe the astronomical telescope fitted with llamfden's eye- 
piece, and draw a figure showing the path of a fJencil of rays from 
a distant object through it. What advantage has Hamsden’s over 
Hayghens* eye-piece, and why is the latter usually employed in 
microscopes t 
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12. All acbromatio lens of 1 metre fooal^ength is to be constnioted 
of lenses of crown and flint glass, whose refmctiye indices are 1*6 
and 1*65, and whose dispersive powers are as 5 to 8. The crown- 
•glabs lens is to be equi-convex and one side of the flint-glass lens is 
to fit it Find the radii of ourvatnre. 

13. A concavo-convex lens, of focal length 80 cm. and radii of 
curvature 10 and 80 cm., is silvered on the concave surface. Show 
that the lens acts as a plane mirror. 

14. What is the magnifying power of a telescope whose object 
glass is of 12 feet focal dength, and its eye-piece of ^ inch focal 
length f 

15. In a Newtonian reflector whose speculum is of 10 feet focal 
length, what must be the focal length of the eye-piece to give a 
power of 250 ! 

<• 

16. Oompare the light-grasping power of two mirrors whose 
diameters are 18 inches and 86 inches, and of the human eye when 
the pupil is ^ inch in diameter. 

17. A telescope is held with its object-glass end under the surface 
of the jivater of a pond ; the water wets the outer surface of the 
glass, but does not come insj^de the telescope. The telescope is 
focussed so that objects at the bottom of the pond are clearly seen. 
Is the telescope now^longer or shorter than when used for viewing 
objects at the same distance in air? Does it make any difference 
what kind of convex lens is used for object glass T 

18. Oompare the dispersive powers of carbon bisulphide and water 
from results obtained from the following data, the prisms being 
placed in the j^osition of minimum deviation for the yellow light. 
Deviations of the red, yellow, and violet light with the carbon 
bisulphide prism (refracting angle, 40® 24'), 21® 46', 28®, and 30* 47', 
with the water prism (refracting angle, 38® 33'), 13® 62', 13® 67', 
14® 20'. 

19. Find the focal length of a sphere of glass of radius 10 cms. 

(m-8/2). 



EXAMINATION QUESTIONS. 

Questions set at various Universitv Exahinations. 

1. What is the centre of a lens 1 Under what circumstances is 
the centre of a lens midway between its surfaces ? Two equal lenses 
are placed side by side in the same plane, with their centres 3 inches 
apart. Two objects of the same size aiid shape, but of different 
colours, are placed behind the lenses at a distance of twice its focal 
length from each lens, and with their centres 6 inches apart, the line 
joining the centres of the objects being parallel to that joining the 
centres of the lenses. How will the images be situated, and what 
will be seen by an observer situated at a condderable distance in 

front of the lenses? 

• 

2. Describe Galileo's telescope (or an opera glass). State the con- 
nection between the relative positions of the two lenses and their 
focal lengths, and estimate the magnifying power. 

^ • 

3. What do you understand by the chromatic dispersion of a lens T 

What is the best means of correcting 'it ? 

4. If you were observing a small luminous object by a telescope 
not corrected for chromatic aberiation, what appearances would 
present themselves on sliding the eye-piece in and out? 

Explain the construction of an achromatic object glass. 

4 . A compound achromatic lens of focal longth^40 cm. is to be 
constructed of two thin crown-glass and flint-gla^s lenses in contact, 
the surfaces that arc in contact having a common radius 25 cm. The 
optical characters of the glas.se8 employed being as follow.**, namely : 

Dit}i)6r8iTe livf I active index for 

power. nuddle of epectruni. 

Crown glass . . 0*21 . . 1*5 

Flint glass .... 0*45 . . 1 *6 

— calculate the radius of the second face of each lens, and establish 
the formulae employed in the calculation. The compound lens is 
Buppo^ to act as a convex lens, * 

7. What is meant by the aperture of a lens ? What has the 
aperture of a lens to do with (<z) the definition, and (5) the bright- 
ness, of the images which it is used to form ? 

8. How does the brightness of a star as seen in a telescope depend 
upon the magnifying power and upon the aperture ? Loss of light 
by refiection and redaction need not be considered. 

88 ' 
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9. Yon are given an astronomical telescope focussed for infinify 
and pointing at a dayUt sky. vYou are also given a rule, a finely 
divided scale, and a pocket lens. How would you find tbe magni- 

• fying power of the telescope, and how would yon satisfy yourself 
that the result was not vitiated by stops in the telescope t 

^ive the theory of the method when the eye-piece is a single 
convex lens. 

10. Draw a careful diagram showing the passage of the rays 
through a telescope, with lenses of 1 inch and 9 inches focal length 
respectively, when used to view a distant source of light. 

If the tubes containing the lenses can be drawn out until the 
lenses are 19 inches apart, show that an object 18 inches away can 
be focussed in the telesco]^. 

11. Find the focal length of a spherical bubble of air in water, 
the radius of the bubble being 3 mm 



CHAPTER XIIL 


POLARISAnON. 

m 

173. It has been stated in previous Chapters that light 
consists in a wave-motion in the ether, and that this wave- 
motion is transverse in character. A wave motion may in 
general be either (1) lon^itudirial, i.e. one in which the 
vibrations are in the direction in which tlie waves are 
travelling, as i£> the case with sound waves in air (Pig. 
201) ; or (2) trmisverse, in whicii the constituent vibra- 
tions are perpendicular to the direction of propagation, as 

< — > 

Fig. 201 . • 

ill waves travelling along a stretched string (Fig. 202). 
In the latter case the vibrations are not neci^ssarily c<.)n- 
fined to one direction, but might take place in any direc- 
tion in a plane perpendicular to the line of advance of the 
waves. In a longitudinal train of waves, liowevor, it is 
clear that the vibrations are necessarily restricled to one 



Fig. 202. 


direction. It is, therefore, polwible that one train of 
transverse waves may differ from another, otherwise 
similar, in that the directions of vibration in the two 
trains are different ; such a distinction betw^een t\fo trains 
of longitudinal waves would be impossible. 

Transverse waves in which the vibrations are confined 
to one direction would not be symmetrical, and might be 
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expected to exhibit properties haying some relation to 
direction. This characteristic of “sidedness,” the de- 
p^dence of certain properties on direction, is called 
polarity f and such a train of waves is said to be polarised. 

as in this case, the vibrations are executed in one 
direction only, the wave-motion is plane-polarised. 

Some of the phenomena of polarised waves may be reproduced by 
the aid of the allowing apparatus (Fig. 203) : — A length of rubber 
cord or rubber tubing fijjed with sand (to reduce the velocity of 
waves along it), two pieoes of wood or other material, each having 
a parallel-sided slit a few inches long in it, the slit being of such 
wmth as just to allow the cord to pass freely through. Fix one 
end of the cord to a support, pass it through the two slits, which 



must at first be pushed up to the fixed end, and hold the other end 
in the hand. By moving this end to and fro through a small dis- 
tance and continually changing the direction of the movement, 
while keeping it always in a plane perpendicular to the cord, a 
series of transverse waves will be sent along the cord, and the 
vibrations will be in various directions indifferently, on the whole 
as often in one direction as another. This is an unpolarised wave- 
motion. 

Now move one of the slits along the cord, and arrange that it is 
held rigidly in a stand, and that the cord passes freely througli it. 
Send a tram of waves as before, when it will be seen that the waves 
which get through the slit have their vibration confined to a direc- 
tion parallel to the slit: they are plane-polarised. ..le 

second slit midway between we end and tne first one, and support 
it so that its direction is « perpendicular to that of the nrst. 
Repeat the experiment, and it will be seen that scarcely any wave- 
motion gets through the second slit. In this position the slits may 
be said te be crossed^ Rotate the second slit gradually until it is 
parallel with the first, from time to time sending waves as before : 
it will be found that the amplitude of the waves transmitted 
through the second slit oontinnally increases, until, when the slits 
are parallel the plane-polarised waves coming through the first slit 
pass on unalterea through the second. 
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• 174. Polarisation of light. Dgnble refraction. A train 
of plane-polarised rope waves thus differs from an un- 
polarised train in that it will not pass through a slit held 
in one certain direction, while it passes unaltered when the 
slit is turned through a right angle. It was observed ?in 
1669 by Bartholinus that under certain conditions it was 
possible to obtain a beam of light that manifested similar 
properties of “ sidedness ” or polarisation. This occurred 
when light passed through a crystal of Iceland spar (a 
form of calcium carbonate), • 

This substance occurs in rhombohedral crystals (Fig. 
204), the six faces of the rhomb being parallelograms, 
having angles 102° and 78°. 

Two, and two only, of the 
opposite comers are con- 
tained by three obtuse angles ; 
a line (OA, O' A'), drawn 
through either of these cor- 
ners so as to make equal 
angles with the three sides 
meeting at the corner, is 
called the optic axis of the 
crystal, and the crystal, so 
far as its optical properties are concerned, may Ix^ taken 
to be symmetrical about such an axis. If is clear that 
this axis is a direction, and not any fixed line in the 
crystal. If now a crystal l>e cut so as to have two plane 
and parallel faces, parallel to this axis (or even if we 
take a crystal as it ordinarily cleaves, and look through 
a plane face), and we view normally through it an illumin- 
ated pin-hole> two images of this are seen. One of them is 
normally abote the object, and is f oimd to occur according 
to the ordinary laws of refraclS^n; the other is to one 
side of the normal, and is not formed in accordance with 
these laws. This phenomenon is called Double Refraction, 
When the crystal is rotated above the object the ordin- 
ary ” image remains still, but the “ extraordinary ** image, 
as it is called^ rotates with it round the ordinary one. 

If now we place a similar crystal above the first one, we 
can stu^ by its help the two beams of light diverging 
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from these two images. We find that when the two 
crystals are placed with their optic axes parallel the two 
images are simply separated more widely, for we have 
merely got a thicker crystal. As the upper ciystal is 
sl§wly rotated, each of the images gives rise to two (an 
ordinary and an extraordinary from each of the original 
images). When the axes of the crystals are at 45^, these 
four images are of equal brightness ; as their inclination 
to one another appro^hes 90"^, one of each pair gradually 
becomes weaker and disappears when the axes are at right 
angles. There are then left two images, an ''extra- 
ordinary” one of the first “ordinary” image, and an 
“ ordinary ” one of the first “ extraordinary ” image. 

This shows that the two beams of light separated by the 
first crystal have properties depending .upon direction, 
since they give rise to different types of image according 
as they pass through a second crystal placed similarly to 
the first, or in a direction at right angles, whereas the 
original beam of light gives two images however the first 
crystal is turned^ They are, in fact, plane-polarised, the 
one in a plane at right angles to that of the other. The 
crystal is so built up that it transmits (in a direction at 
right angles to its optic axis) wave-trains whose vibra- 
tions are in one direction with a different velocity from 
those whose vibrations are in a direction at right angles. 
When the unpolarised light falls on it, the vibrations may 
be regarded as being resolved in these two directions, and 
the two sets of components travel on differently, leading 
to different laws of refraction, and to the formation of 
two distinct images. Similar or more complicated double 
refraction occurs in the majority of cases when light 
travels through crystalline media. 

Various pieces of appa^tus which will only allow light 
whose vibrations are in one plane to pass through will 
shortly be described. If a beam of ordinary light passes 
through such an arrangement only the components of the 
vibrations in one definite plane are transmitted, and thus 
a beam of plane-polarised light is obtamed. This is, of 
course, of weaker intensity than the original beam, con- 
tain^ only half its mdtgj. 
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•The apparatus thus.lised is called a Polariser. (^But 
exactly the sam^ arrangement may be used to examine any 
beam of light to discover whether it is polarised, for if tlje 
apparatus be slowly rotated no change will be observed in 
the intensity if the light is unpolarised ; while if it ^s 
plane^polarised it will be completely blocked out for one 
position of the apparatus, and completely transmitted for 
the position at right angles. If the light is partially 
plane-polarised it will be changed^ in intensity as the 
apparatus is rotated. Used in this way, the Polariser is 
called an AnaljiserA It should he mentioned that, except 
in the case''’or"]^anc-polarised light, the information given 
by the use of an Analyser alone is capable of more than 
one interpretation. 

If ordinary light passing through sucli a Polariser A 
(Fig. 205) (eo, a tourmaline crystal, see § 175), then 



falls on a second similar arningement B placed exactly 
similarly, practically all the light transmitted by A passes 
through B and, of course, remains polarised in the same 
direction as before. This corresponds to the case of tlio 
parallel slits (§ 173). If, however, we rotate B relatively 
to A, then B gradually quenches the light which has 
passed through A, and when B been turned through 
90^, nO; light that has passed through A can get through 
B. The polariser and analyser are then said to be crossed 
(cf. the case of the crossed slits). 

If we employ an analyser to examine the light from the 
two images formed by Double Refraction, in Iceland spar 
or in any other case, we find that for one position of the 
analyser one image disappears, and when the analyser is 
' 22 
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turned througli a right angle the other image disappears. 
Thus the light from each is plane-polarised and m per- 
pendicular directions. 

Hujghens (1629-1696) showed that double refraction 
c<|ald m explained in terms of the undulatory theory of 
light, but he was not able to suggest a reason why the 
two beams should present these characteristics of sided- 
uess/’ since he supposed the waves constituting light to 
be longitudinal. It not until much later that it was 
realised that these phenomena were to be brought into 
line with the wave tneory, and this theory itself to gain 
in precision, by interpreting them to indicate that light 
waves are transverse and not longitudinal. 

176. Methods of producing polarised^ light, (a) By 
utilising the phenomena of Double Refraction. 

(i) A ciystal of Iceland spar, as has been seen, splits up 
a beapi of light into two beams plane-polarised in directions 
^ at right angles. The two beams 
I M are, however, in any ordinary sized 

crystal, very close to one another, 
and in order to separate them 
0 suflBlciently a very large crystal 
would be necessary. Such crys- 
tals are rare, and therefore this 
method, though very efficient 
otherwise, is not practically ser- 
viceable. 

(ii) A plate of tourmaline is 
frequently used. Tourmaline is 
a doubly I'efracting crystal of a 
slightly greenish tinge. It has 
E ^ithe property of very rapidly ab- 
* sorbing one of the two beams of 
polarised light into which it 
se^rates a beam of ordinary 
Fig. m li^t, so that a comparatively thin 

phkte of the material only allows 
one of the beams to pass through it and so produces from 
ordinary light a b^m of plane polarised light. ^ 
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Tf (iii) The Nicol Prisih. This prism, inveuted in 1828, is 
a device for getting rid of One of the polarised beams 
produced in a crystal of Iceland spar. In Fig, 206, *0 
and Q- are the opposite corners of a rhomb of Iceland 
spar, which are contained by three obtuse angles, c^d 
C a, G a' are in the direction of the optic axis. The plane 
A C £ G containing this axis is called the principal section 
of the crystal. To form a Nicol prism a section C K G L 
of the crystal is made at right aijgles to the princi|>al 
section. The two halves are then cemented together with 
Canada Balsam, which forms a thin parallel transparent 
him between them. 

If now a beam M N of unpolarised light strikes the face 
A BOD it will, on entering flio crystal, since it is travel- 
ling in a direc^on inclined to the optic axis, be divided 
into an ordinary ray N 0 and an extraordinary ray N Q 
polarised in planes perpendicular to one another. Now p 
for Canada Balsam is less than that of Iceland spar for 
the ordinary ray, and greater than that of Iceland spar 
for the extraordinary, hence if the inclyiation of N 0 to 
CKGL exceeds a certain value ^total reflection of the 
ordinary ray N 0 will occur, while the extraordinary ray 
will pass on through the crystal and emerge at Q, thus 
yielding a pure beam of plane-polarised light. The dimen- 
sions of the crystal are so chosen as to mak^ the angle of 
incidence of N 0 greater than the critical angle. The 
crystal is mounted in a tube blackened on the inside, so 
that the reflected beam is absorbed. The Nicol Prism is 
one of the most valuable sources of polarised light. 

(6) By reflection. In 1810 Malus noticed that light 
reflected from a glass window showed signs of polarisation 
when examined through a doubly refracting crystal, 
whereas the direct light showed^no such signs. Thus it 
became dear that a change in the character of the light 
had occurred in the process of reflection: the reflected 
light was partially plane-polarised. 

If ordinary light reflected from a polished glass surface 
be examined with an analyser, the d^ree of polarisation 
is found to vary with the angle of incidence, and to be 
complete ^ when the angle is about 57^^. This is known 
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as the polarising angle fpr glass. . It varies for differeiat 



Fig 207. 


substancesi. being related to 
the refractive index of the 
reflecting substance by the 
simple relationship tan i^zp 
where i = polarising angle. 
This is Brewster's Law. 
The polarising angle, 
therefore, evidently varies 
slightly with the colour of 
the light. It follows from 
this law that at the polari- 
sing angle the reflected and 
refracted rays are at right 
angles for (Fig. 207). 


sin i sin r (1) (Law of refraction), 
tan i = fjL (2) (Brewster’s Law), 

hence cos i = sin r 

and therefore * and r are complementary, and Z CB D = 00®. 



Fig. 208. 


Let AB (Fig. 208) be a ray of unpolarised light 
incident upon the surface S at the polarising angle. In 
the wave front L the vibrations are successively occurring 
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in all directions. Af B all which ai*e not 

parallel to the surface are transmitted, together with a 
certain proportion of the parallel vibrations: thus ilie 
refracted ray is only partly plane-polarised. The reflected 
ray BC consists entirely of vibrations parallel to the 
surface and it is therefore completely plane-polarised. 
Those vibrations in the incident wave front L which are 
inclined to the plane of incidence may be regarded as 
being resolved into vibrations respectively parallel and 
perpendicular to this plane, when 
the components suffer reflection 
or refraction as above. 

Light polarised by reflection is 
defined as polarised in the plane 
of incidence^ but the vibrations 
constituting it are perpendicular 
to this plane, i.e, the plane per- 
pendicular to the direction of 
vibration is calle<l the plane (f 
polarisation. 

If we receive the reflected beam 
B C on a second surface of the 
same sort with its normal in a 
plane perpendicular to the plane 
of incidence on the first surface, 

?.e. so that the planes of reflec- 
tion are perpendicular, vibrations 
which were perpendicular to the 
first plane of incidence will be in 
the plane of incidence for the 
second surface. In consequence, 
if we adjust the inclination of 
this latter surface so that tll^ 
beam ‘Strikes it at the polarising 
angle, no light is reflected. The 
two surfaces now act like polariser 
and analyser crossed. 

These facts may be verified with the following apparatus 
— Mj (Pig. 209) is a plane glass plate backed with black 
paint and capable of being turned about a horizontal axis, 


\ 
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M, is a similar plate which can be turned about a hori- 
zontal and also a verticar axis. In each ca^ the amount 
of .rotation can be measured on a scale of degrees. (The 
scales for measuring the rotations round the horizontal 
ax{is are not shown in the diagram.) Mj and M, are so 
arranged as to be equally inclined to the horizontal, and 
a beam of parallel light P Q is directed on to at the 
polarising angle so that the plane of incidence is normal 
to the surface and so ^hat the reflected ray Q B is vertical 
and falls on Mj, wiich it must then necessarily strike at 
the same angle. As is rotated about a vertical axis it 
is found that the intensity of the beam reflected by it 
varies from a maximum when the normals to Mj and 
are parallel, to zero when thh planes of incidence are at 
right angles. This apparatus is called a Polariscope. It 
is clear that by its use one can experimentally determine 
the polarising angle without the aid of any other form of 
polarizer or analyser. 

It has already been pointed out that the refracted ray 
B D (Pig. 208) is by no means completely polarised, although 
it contains a greater proportion of light whose vibrations 
are in the plane of incidence. If now we allow this light 
to fall on another plate parallel to the first, still more of 
the light whose vibrations are perpendicular to the plane 
of incidence will be filtered out by reflection. It is found 
that if we use about two dozen such parallel plates, about 
90 per cent, of the light transmitted is constituted of 
vibrations in the plane of incidence. 

Such a “pile of plates,*' as it is called, thus yields an 
easily made piece of apparatus for producing nearly plane 
polarised light. Microscope slide-cover glasses (carefully 
cleaned) are recommended; from 12 (giving light rather 
more than 80 per cent, poj^ised) to 24 (giving light about 
90 wr cent, polaiised) should be placed in contact and 
fixed by means of corks, in a small tube, at an angle of 
about 82J® with the axis. Two such will serve as polariser 
and analyser. 

Since reflected light is always more or less plane*polansed, it has 
h^en snggested that the inconvenient glare from sunlight reflected 
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/rom the surface of water might be largely reduced by the use of 
polarising spectacles (made, e.g,, qf thin plates of tourmaline). In 
this way it is said, risibility into the water is improved, and also 
to some extent the visibility towards the horizon is increased. 

(c) Polarisation 'produced hy the scattering of light, % It 
has been explained in § 125 that the brightness and the 
blue colour of the sky are due to the light scattered by 
very small particles in and of the air. We may regard 
these particles as being set in vibration relative to the 
ether by the light waves falling on tfiem, and, in conse- 
quence, acting like separate sources of light. 

When light from the sky is examined by an analyser it 
is found to be partially plane-polarised. The extent to 
which it is polarised depends upon the direction in which 
we are lookingtit being a minimum when wo rt'ceive light 
from a direction facing or opposite to the suA, and a 
maximum when we receive it from directions at right 
angles to the sun. In this latter case it is not completely 
plane-polarised, so that what isiobserved as the analyser is 
rotated is a distinct darkening of the fiqjd in one dire<'tion, 
but not perfect extinction. 

The same phenomenon can bo obseiTcd if the light 
scattered by the suspended precipitate in the thiosulphate 
solution (§ 125) is examined. When viewed from the side 
it will be found to show a very considembio degree of 
polarisation. 

The occurrence of polarisation in scattered light is to be 
expected as a consequence of the fact that the vibrations 
in the light waves are transverse, for thus a scattering 
particle can only he set in vibration in a plane at right 
angles to the direction of the incident light, and when the 
scattered light is viewed in a direction perpendicular to 
this incident light, the vibratio!^^ received are confined to 
one direction, and so the light received is plane-polarised. 

A very interesting experiment in illustration of this insists in 
passing a beam of plane-polarised light through a tube containing 
the suspended precipitate of sulphur and then examining the 
scattered light in various directions in the plane at right an^es to 
the incident light. It is found that when viewed in a direotion 
parallel to that of the vibrations in the incident light, the track of 
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the beam through the solution is practically invisible (i.e. there is 
no scattered lignt), while in the (iirection at right angles its bright- 
ness is a maximum. In the first case we are lookifig in a direction 
end’On to that of the vibration excited in the particles, and no light 
*is propagated in such a direction. 

^e haze which envelops distant objects is principally occasioned 
by Scattered light, and a further application of the principles of 
polarisation has been proposed in order to improve the visibility in 
such cases. It is suggested that this might be accomplished by 
allowing the light to pass through polarisers which would cut off 
the bluish atmospheric haze, thus improving the detail and colour 
of the distant objects. *. 

176. Circularly and elliptioally polarised light. If 
ordinary unpolarised light is examined with an analyser, 
no change of brightness of the field of view occurs as the 
analyser is rotated, since on the average ^the amount of 
vibration, in all directions is constant, for, though the 
number of consecutive vibrations in any given direction is 
no doubt great, these occupy a very short time, and thus 
the diibction of vibration only remains constant for a very 
small fraction of a second.'^ 

If, however, th^ vibrations were circular in character, 
such as could be resolved into two equal simple Harmonic 
vibrations of the same period, at right angles to one another, 
and having a phase difference of one-quarter of a period,* 
the same th^g would be observed on rotating the 
analyser. Such light is said to be circularly ^polarised. 
It can be distinguished from unpolarised light by passing 
it through a thin plate of quartz (a doubly refracting 
crystal), cut parallel to the optic axis and of such thick- 
ness as to slow down the propagation of one of the com- 
ponents over that of the other until they are in phase, and 
so combine to form plane-polarised light,! which can be 
detected by the use of the^analyser in the ordinary way. 
Since a difference of phas#of one-quarter of a periodanust 
be introduced between the components, the thickness of 
the crystal must be such as to contain one-quarter of a 
wave-length more in the extraordinary than in the 
ordinary beam, and such a plate is, therefore, called a 


* See Oatohpoore Scund, Ch. L, § 12 (2). 


ti5J»*d.,§12(l). 
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quarter-wave plate. Conversely, if plane-polarised light is 
incident on a quarter- wave pkte‘at 45"^ with the principd 
plane, it will emerge as circularly polarised light. 

If the vibrations in a beam of light are elliptical, then 
they can be resolved into two unequal simple Harmnnic 
vibrations of the same period, at right angles, and having 
a phase difference of one-quarter of a period. Thus, 
when viewed through an analyser, the light transmitted 
will be brighter for one direction of ^ the analyser than for 
that at right angles. To distingui^i siich elliptically 
polarised light from a mixture of polarised and unpolarised 
light, it must be passed through a quarter-wave plate, 
when it will, for one position of the plate, bo reduced to 
plane-polarised light, as in the preceding instance. 

t 

177. Colour effects due to polarisation. As has been 
stated, the characteristic properties of doubly-refracting 
crystals depend upon the fact that such crystals in general 
transmit light whose vibrations |ire in one given direction 
with a different velocity from light witlj vibnitions in the 
direction at right angles. But these velocdties an<l tlieir 
differences depend upon the wave-length, i.e. upon llio 
colour of the light. It follows that if plape- polarised 
light is transmitted through such a crystal cut parallel to 
the optic axis, the character of tlie e mer gen light deptmds 
upon the colour of the light, and the thickness of the 
crystal. 

If white light falls oii such a crystal and the transmitted 
light be examined with an analyser, very brilliant colour 
effects are therefore seen. The study of tliose effects is 
beyond the scope of this book, but one interesting applica- 
tion may be mentioned. 

Many isotropic bodies {i.e,^ substalfces whoso properties are tho 
same in all directions) act like doubly refracting cryntals when 
they are strained, e.g., by bending, twisting, or compression. If 
examined between crossed polariser and analyser such a^substance 
under these circumstances will exhibit the characteristic colour- 
fringes, the position of which will mark out the lines of strain. 
This fact is put to practical use in examining gl^s for imperfect 
annealing, and in examining the conditions of strain in small model 
structures built up of a suitable transparent material. 
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178. Botation of the pltme of polarisation. If a beam of 
unpolarised light is viewed through crossed Nicols or 
otW polarising devices, the field of view is, of course, 
tjompletelj dark. If now a crystal of quartz, cut perpen- 
dicplar to the axis, is interposed between the polariser and 
the analyser, it is found that the light is no longer com- 
plexly cut ofiE by the analyser, but that when this latter is 
turned through a definite angle (depending upon the 
thickness of the quartj) the light is again extinguished. 

This indicates that the plane-polarised light yielded by 
the first Nicol is still plane-polarised after traversing the 
quartz, but the direction of vibi’ation (and, therefore, the 
plane of polarisation) has been rotated through a certain 
angle, which is measured b^ that through which it is 
necessary to turn the analyser in order to« extinguish the 
light. If, as we look towards the oncoming light, the 
rotation is clockwise, it is described as right-handed, and 
the substance producing it is said to be dextro-rotatory ; 
if in the opposite direction the rotation is left-handed, and 
the substance laevp-rotatory. 

The amount of rotation varies (1) directly as the thick- 
ness of the crystal, (2) approximately inversely as the 
square of the wave-length oi the light. It follows from 
(2) that, if white light is used, chromatic effects will be 
seen as the analyser is rotated. 

The property "of rotating the plane of polarisation, often 
known as ** optical activity,” is possessed by other sub- 
stances than quartz, particularly by certain organic com- 
pounds, e,g., sugar, quinine, turpentine, tartaric acid, 
camphor. The rotation produced is sometimes right and 
sometimes left-handed. Some such substances show 
markedly different rotatory powers in the solid state and 
in solution respectively. ,< 

The amount of rotation produced by an optically active 
substance such as sugar for light of a given wave-length, 
and at a<given temperature, depends upon (1) the strength 
of the solution, (2) the len^h of liquid through which the 
beam of light passes. The rotation produced by a len^h 
of 1 decimetre of a pure substance, aivided by &e density 
of the substance, is called its epeoific rotation. 
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• The rotation product by 1 decimetre of a solution of 
an active substance in an inactive solvent divided by the 
weight of the substance in 1 c.c. of the solution, is caUed 
the specific rotation of the dissolved substance. The* 
specific rotation, as has been said, varies with the co^)ur 
of the light used, and it is, therefore, usual to employ 
sodium light. 

By measuring the amount of rotation produced under 
standard conditions by a given length of the liquid it is 
possible to deduce the strength of* the solution. This 
process is particularly applied to the estimation of sugar, 
when it is known as saccharimetry. Observations upon 
rotation of the plane of polarisation also afford other 
information of value to the chemist. 

An arrangement of crossed Nicols (Fig 210) constitutes 
a simple polarimeter or saccharinu^ier. It is, ‘however, 
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impossible to tell within several degrees when the field of 
view is at its minimum brightness, and hence this simple 
fonn of apparatus is wanting in sensitiveness. Modifica- 
tions have Ixjen introduced whereby the field is divided 
into- two halves, and adjustment of the analysing Nicol 
has to be made until these anpear equally bright, when 
the jplane of polarisation wilr be in a definite position 
relative to the analyser. Such a comparison between two 
halves of the field can be carried out much mqre accur- 
ately than the estimation of maximum darkness. 

.>A very important relationship between light and mag- 
netism was discovered by Faraday, who in 1845 showed 
that when a beam of polarised light passed through a 
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transparent medium in a direction parallel to the lines of 
a magnetic held, its plane ofpolarisation suiSered rotation 
bj^n amount depending upon the distance traversed and 
Ihe strength of the field. 

179. Polarisation of other ethereal waves. Further 
evidence of the continuity of the whole range of ethereal 
waves, from the longest “ Electric ” waves to the shortest 
X-rays, is provided by the study of polarisation. It is 
found that, on the one side. X-rays can be shown under 
certain circumstances to be polarised; and, on the other 
side, that both the radiant energy, known as heat radia- 
tion, and the ordinary electric waves, radiated by an 
electric spark or by any other ’means, can also be made to 
exhibit the same phenomenon. 
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Examples T. (page 20). 

7. 100 cm. ; 20 cm. 

8. Diameter of* umbra = 1 cm. 

Diameter of penumbra == 4 }^ em. 

9. *00804: sq. cm. (nearly) ; A' IV — cm. 

10. 2H ft, 

11. 750 ft. 

13. 3 : 4. 

14. Id : Ib : lo : : 3 v'.i : 8 : 8. 

16. 

16. (116)* : (201)*. 

17. 80 cm. from less intense light. 

18. (a) Screen between the lamps, 2J ft from^lO-oandle-power 
lamp. (6) Screen outside lamps, 24 ft. beyond 10-eandle-powor lamp. 

13. nh 

20. 12-96. 

21 . 112 . 

22. 408*26 in. 

28. 5 : 7 : 6. 


Examples 11. ^page 68). 

4. 12 in., 24 in,, 36 in. ; 12 in., 12 in. 

6 . 60 **. 

6. 3 ft. (The man’s eye is supposed to be at tbe top o4 h!§ bead.) 

7. 100*. 


8. 30*. 

10. 2 ft. 

11. 8* 3 &. 
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Exampli» ni. (page 86). 

8. 13-5 in. 

* fli ^ i 

2- 

1^. 12 in. 

11« ’025 in. ; 9 in. behind 

12. r « 5^ ft. ; mirror 18J ft. from wall* 

18. 3f in. behind ; f diameter of a penny. 

14. 2 ft. real image, fft. virtual. 

15. Real image, size f object » *66 cm. 

1 / 

17. -g-i virtual, behind. 

18. 7*6 cm., 30 cm. from mirror. 

20. 2 y/Zt ft. from plane mirror. 

27. 10*08 in. real, inverted, reduced. 

28. 12;15 in. 

29. 16| in. 

80. 9| in. behind. « 

81. 7‘9 in., *61 in., 2*2 in., behind in each case. 

88. 21*18 in., 1,V in. high ; real, inverted. 

Br-AMiNATiON Questions (page 93). 

8. Between candle and gas flame, 2 ft. from former and 6 ft. 
from latter ; or, on the line passing trough the lights, 4 ft. from 
the candle and 12 ft. from the gas flame. 

4. Use a 'Bunsen’s photometer and compare the amounts trans- 
mitted, when the glass is in different positions, with a standard 
source. By subtraction the amounts reflected can be found. 

6. 1*18 metres, 1*27 metres. 

22. Real, and one-third as large as the object ; 1 ft. from the 
mirror; inverted. * 

28. 6 in. 

' 26. One-third of the diameter from the pole. 

26. 1 ft. from the mirror; inverted ; three times as large ; at the 
centre of curvature. 

27« Object 3 in. in front of mirror ; image l^in. behind the mirror 
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ExabIpliss JV^ (page 130). 


i». i} in. nearer. 

6 . *654 nearly. 

8 . 1 - 68 . 

10 . or I 16. 

O 

11. 4*38 in. 

12. 225,000,000 metres per 660 . 
IS. 1*2 in. 


15. Front thickness 3f cm., dtde* 

thickness 3 cm. 

16. 32*2mm. from surface. 

18. 1*50. 

19. 1*495. 

20. 1*336. Water. 

22. E((ua4. 

24. 1*73. 

27. Eelati ve relractiveiiiflox « 
Angle of refraction *= 34 


Examples V, (page 168 ). 


9. -6^ 

10. 1*41. 

12 . 1 * 6 . 

18. — 83 j cm. 

15. (3 ± V3) ft. from wall. 

16. Real ; 6 ft. from wall ; 

6 in. long. 

17. Ifimageisreal,/=:*-8cin. 

„ „ virtual, 

— 13J cm. 

18. Virtual, y object ; 4f . 

19. -9 in. 

20. 15 in, ; combination acta 

as a concave lens. 

21. -12 cm. 

22. 21 cm. 

28. 2 in. 

25. If it returns through the 
lens, 2A- in. in front of 
lens, li it does not re< 
turn through the lens, 
10 in. in front of plane 
mirror. 


>26. 15 or 10 cm. from mirror. 

27. 9 in. *from the eye. Half 
linear dimension of 
object. 

29. 4 in. 

32. (a) 12^ in. behind, real, 
inverletf, | in. high ; (5) 
20 in. behind, real, in- 
verted, 3 in. high ; (c) 
22 J in. behind, real in- 
verted, 3f in. high ; (d) 
40 in. in front, virtual, 
erect, 15 in. high. 

S3, (a) 7i in., J in. high ; 
W OA in., in. high ; 
(c) 6 in., 1 in. high ; (d) 
4tV in., l}f in. high, vir- 
tual and erect in each 
case. 

34. 12 in. from leni on same 
side as object ; twice as 
large. 

37. 8 ft. 
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EXAMINATIOK QUESTIONS. (page 174). 

8. 26 : 1. 

6.-5 in. 

6 . 6 ft from the bright point. 

8. The images formed are 6 in. and 3| ft below the surface of 
therwater. 

11. 3/4. 

16 . Its brightness will be diminished. 

17. 18 in., to obtain a real image with a convex lens ; also 6 in., 
to obtain a virtual ima^e with a convex lens. 

19. Convex. 

20. 9/8. 

28. First image 16 in. from first lens ; diameter 1^ in. Second 
image 19^ in. from second lens ; diameter in. 

26. 4in. 

28. See Ex. V. 6. 

81 . 1*48. 

88. 2 ft. from lens on the same side as the object ; 6 in. high. 

84 . (1) Ends 86 and I 64 in. from lens. Length 19^ in. 

Q) 20 in. from lens. Length 16 in. 

86. The distance between the lenses must be equal to the 
algebraical sum of the focal lengths. 

86. 6 oms. behind the sphere. 

87* Angle just smaller than 90^. 

88. Observer looks up through a cone whose semi-vertical angle 
is equal to the critical angle, vk. 48^^ 

When in the submarine the circle of light extends infinitely 
and the observer can look out at all angles. 

40. 1*732. If angle of prism is greater than the critical angle it 
is not possible. 

Examples VI. (page 193). 

1. -20 cm. 

2. -10*02 cm. 

8. 20*84 cm. 

4. 99*1 cm. 

6. 100 cm. 

6 . 10*7 cm., 1*63. 

7. - n2*l cm., 121*9 cm., 1*64. 

8. - 36*3 cm. ; 11*9 cm., 35*2 cm. ; 1*5L 

9 . 1*331. 

10. 1*628. 
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Examination Questions (page 193). 


8. Diameter of image 
6. ~ 11 in. 


•Oil in. 


Brightness oc 


' diameter y 
.focal length/ 


7 . On the same side as ol>ject, and 12 in. from centre. 

9, Convex ; 7.3 cm. 

10, 2J in. or 4 J in., according a.s image i.s real or virtual. 

' 12. 6 in. 

13. Before proceeding to draw the curve dn^v up a table as .shown. 
In it, d.^,f\ arc the distances of oi)ject and image from the lens, 
and the focal length respectively. Nr) signs are prefixed in the 
table, but the position of tlie object and inuige wljcthcr in front or 
befiind the lens is given. 



The curve i.s similar to that obtained in Ex. 111. 7. 

17. Either Ions by itself will thr&tr an inverted and magnified 

image dn the screen if >/i but < 2/|. -c i ^ 

Both lenses must be used to get an erect and magmlied image. 

18. Use the magnification method; or, failing that, tin; rli.splaoe- 
ment method. 

* Examples VII. (page 234). 


9 . Angular radius « 61® 10'- 


23 
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Examination* QlJESTioifB (page 235). 

• 1 . 1 - 6 *. 

10. The colours on the screen are — going from one side to the 
otlfer— white, blue, black, yellow, white. 

11. Bunsen’s photometer may be used. 2*56 per cent. 

No! 

18. (5) No. 


Examination Questions (page 253). 

(l) Least interval between successive eclipses is 40 hrs. minus 
13*9 sece ; greatest interval 40 hrs. plus 13*9 secs.^ 

(6) 1,000 revolutions per second. 


Examples VIII. (page 281). 

8. 4. 

4. 6| in., 4^ in., 4 in., concave lenses. 

5. Convex ; 20 in. focal length. 

6. Convex ; 6^ in., 126} in. square. 

8. 2*4 in. ^ 

9. An equilateral triangle. 

10, Nearer. The rays converge to a point behind the retina. 


Examination Questions (page 283). 

1. Concave ; 6^ in. focal length. 

8. 17. 

4. Concave ; 6| in. focal length. 

5. Concave ; focal length 20 cm., dioptric power - 5. 

6. Concave ; 9} in. focal length, dioptric power - 4|. 

7. If in. in front of lens. 

8. Concave ; 2 ft. focal length. 
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Examples IX., (page 325 ), 


5. 138 



10 . 66| cm. 

12. Focal lengths : convex, ~ 37 J cm. ; concave, + 60 cm, 

Kadii of curvature: convex lens 37*5 cm., back surface of 

concave lens + 975 cm. 

13. See Art. 95, II. 2. 7 - -(- ao) “ ° 

orEx.lX.l. Z = 5 0^.’^ 

14. 228. 

16. U in. 

16. 2701 : 2073tf : 1. 

17. Frorit surface of lens convex, telescope longer whcifin water 
front surface concave, telescope shorter. 

18. CS„ w - 0105. 11,0, w = 0 0:}3. lliitio - IMG. 

19. 15 cm. measured otiwards froin/ientrc. 


Examination Questions (page 331). 

1. The images will bo superposed on each other. The colour 
will change as the ob.sorver moves transversely to tho line joining 
him to the lenses. • 

6. For convex lens of crown glas.s. / ^ — 21 ,5, r — IHKJ cm. ; 

for concave lens of crown glass/ * 455 cm., a -- cm. 

7. See Art. 158. 

8. See Alt. 168. 

11. 4'5 ram. measured to the front from the centre (diverging leits). 
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Thi nmiherg refer to paqeg. 


Aberration, astronomical, 2:19. 

„ , chromatic, 210. 

i, „ how eliminated, 

291. 

„ , spherical, 02, 78, 143, 

104. 

«, „ how eliminated, 

298. 

Absorption and colour, 219. 

„ , atmospheric, 21 6, 

„ of radiation, 218. 

„ , selective, 26 o, 

„ spectra, 220. 

Accommoflatiori, 208. 2S0. 

Achromatic eye-pieces, 297. 

,, lenses, 210. 

,, objeotiijlassos, 294. 

,, prisms, 206. 

Actinic rays, 21 1, 216. 

After-images, 279. 

Analyser, 3:47. 

Angle, critical, 105. 

„ of incidence, 17, 

„ „ prism, 192, 316. 

„ „ reflection, 34. 

„ „ refraction, 97. 

„ , plane, 27. 

„ , solid, 29. 

Anomalous dispersion, 209. 

Answers, 333. 

Aperture, 62.% 

Aplanatio, 127. 

Apparent depth of pond, 116. 
Aqueous humour, 265. 

Argand burner, 12, 25. 
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Artificial lioiizon, 254. 
Astronomical refracting telescoi>e, 
, 286. 

Atmospheric absorption, 215. 

„ pLrticles, effects of, 

56, 2:43. 

„ refraction, 128, 

Axis, principal, 61, 145. 

„ secondary, 62, 146. 

Bacillary layer, 266, 278. 
Balmain's luminous paint, 223. 
Beam, 4. 

BecqnereVs phosphoroscope, 22:4. 
Bench, the optical, 80. 

Binocular vision, 320. 

Binoculars, 309. 

Blind spot, 266, 278. 

Bradleu on aberration, 239. 
Brewster’s Law, .340. 

Bright spot, 306. 

Brightness of image in telescope, 
291. 

Bunsen's photometer, 12, 22. 

Calculations, 27, 57, 85, 130, 167, 
193, 234, 253. 281, 323. 
Calorescence, 223. 

Camera lucida, 269. 

„ obscura, 261. 

,, , photographic, 232. 

„ , pinhole, 7, 262. 

Candle, 12. 

„ powers, table of, 26. 

„ , standard, 19. 

Caustic by reflection, 79. 



Caustic by refraction, 120, 1C6* 
Chemical rays, 211, 216. 

Choroid, ^66. 

Chromatic aberration, 210. 
Chromosphere, 215. 

Ciliary muscle, 266. 

Circular measure of angle, 28. 
Coddingtim lens, 284. 

Collimator, 311. 

Colour and temperature, 197, 21H. 
,, „ wave-length, 101,200, 

218. 

„ blindness, 227. 

,, due to absorption, 219. 

„ of powders, 220. 

)) n 125. 

,, , surfai e, 220 
,, theories, 227. 

,, vision, theories of, 227. 
Colours, complementary, 22Ji. 

,, of bodies, 224. 

,, , primary, 226. 

Condenser, 263. 

Conjugate foci, 64, 137, 148. 
Cooper^lffiiviit lamp, II}. 

Cornea, 266. 

CornUj 243. 

Corona.s, 232. 

Corpuscles, negative, 261. 
Corpuscular theory of light, 217. 
Cosine of angle, meaning of, 27, 
Critical angle, 105. 

Cro.s8ed lens, 165. 

,, prisms experiment, 201. 
Cro.ss. wires, 303. 

Crystalline lens, 26.5. 

Curvature, centre of, 61. 

,, radius of, S2, 188. 
Cylindrical mirrors, 258. 

Dark cheiilical rays, 211, 216. 

„ heat rays, 21 1, 216. 

„ lines in spectrum, 214. 
Deviation by reflection, 43, 53. 

„ refraction, 113, 144, 
190. 

minimum, 135, 137,139, 
140, 192, 317. 
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Dp'ktion without dispersion, 208. 
Diaphragms, 80. 

Diffraction, 262. 

Diffusion of light, 54. 

Dioptre or Dioptric, 164. 
Direct-vision spectroscope, 809, 
320. 

Dispersion. 197, 204. 

, anomalous, 209. 
in a lens, 209. 

♦without deviation, 209, 
320. 

Disp(‘rsive power, 204. 

„ „ , determination 

of, 317. 

► „ „ , table of. 206. 

Distances, estimation of. 2^0. 

,. of the stars, 239. 
Distinct vision, nearesi^^listance 
of, 268, 280. 

JJopphtr e(Te(‘t. 318. 

Doublet, Wollaston 285T 
Dull particles, c(T(?cls of, 66, 233. 

• 

Eclipses, 11. 

Electric arc lamp, 12. 

,, incandescent lamp, 12. 
Electrical ofi’ect of ultra-violet 
rays, 216. 

Electromagnet icIJicory of light, 
249. 

Ernis.'^lon tlieory of light, 217. 
Energy distribution in spectrum, 
217. 

Equivalent lens, 163. 

Enxjting eye-piece, 305. 
Estimation of distance.^, 280. 
Ether, the. 1, 249. 

Eye, 265. 

„V aberration of, 277. 

, , astigmatic, 272, 276. 

„ , emmetropic, 2tl8. 

„ , hypermetropic, 272, 274 
„ , myopic, 272, * 

„ , presbyopic, 269, 274, 275. 
Eyc-pieoes, 285, 294, 297. 

, erecting, 287, 305. 

, HvyghenM\ 300. 
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Bye-piecest Ramsdcn's^ 304. . , 
Bye-ring, 306. 

' Field glass, 309. 
lens, .300. 
of view, 300. 

FizeaUj 241. 

Flicker photometers, 24. 
Fluorescence, 221. 

Focal length, 62, 146. 

„ lengths of mirroj^, ^2, 188. 

„ ,, lenses, 179 ^ 

,, lines, 118. 

Foci, conjugate, 64, 68, 137, 148. 
Focometer, 8ilbertnann% 184. 
Focus, 6. 

,, , principal, 62, 146. 

,, , virtual, 7, 67. 

Forbes ari Young^ 243. 

FoucauU, 20, 243. 

Fovea centralis, 266. 

Fraunhhfer lines, 214, 216. 
Frequencies of vibration, 1. 

Oalileo's telescope, 307. 

Hadley's sextant, 64, 255. 

Halos, 232. 

Heat rays, 211, 216. 

Heliograph, 256.® 

Heliostat, 256. 

Helmholtz on colour, 227, 
HmoheVs experiment, 216, 
Horizon, artificial, 254. 
ffuyghonst his eye-piece, 300. 

„ on the wave theory, 260. 
Hyaloid membrane, 266. 
Hyperraetropia, 272, 274, 

Iceland Spar, 335. 

Illuminating power, 18. 

Image, after, 279. 

„ formed by lenses, lo6. 

„ in plane mirror, 40. 

„ in spherical mirrors, 72. 

„ produced by a thick plate, 

120 . 

, real, 36. 

„ , size of, 76, 160. 


Image, virtual, 36. 

Incandescence, 197. 

Index of refraction, absolute, 101. 

„ „ „ , relative, 100. 

Infinity, 67. 

Infra-red rays, 211, 216. 

Intensity of illumination, 14. 
Inverse functions, 28. 

„ square, law of, 14. 
Inversion, lateral, 43. 

Invisibility of light, 3. 

Invisible parts of spectrum, 211, 
216. 

Iris, 269. 

Irradiation, 279. 

Irrationality of dispersion, 209. 

Joh/s photolneter, 24. 

Jupiter and the velocity of light, 
238. 

Kaleidoscope, 52. 

Kundfs law, 221. 

Lamps, 12, 25. 

Langley y 216. 

Lantern, optical or magic, 263. 
Lateral inversion, 13. 

Law, KundfSf 221. 

„ of inverse squares, 14. 

„ „ sines, 98. 

Laws of reflection, 35. 

„ „ refraction, 97. 

Lens, aplanatio, 143. 

„ , crossed, 165. 

, equivalent, 163, 291, 

„ ,fo ‘al length of a concave. 
185. 

„ u „ M convex, 179. 
„ , image formed by, 166. 

„ , optical centre of, 146. 

„ , path of ray through, 147. 

„ , power of, 164. 

„ . radius of surface of, 188. 

„ used as a mirror, 326. 
lienses, 141. 

„ , concave, 141, 147, 153, 158. 
„ . converging, 142. 
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Len^s, convex, 141, 146, 152/159. 
„ , crystalline, iNlS. 

„ , cylindrical, 258. 

„ , diverging, 142. 

„ in contact, 162. 

„ , spherical,' 324. 

„ , thick. 153, 185. 

Light, aberration of, 239. 

„ , cause of, 1. 

,. . compound, 197. 

.. , corpuscular theory of, 247. 

, , diffusion of, 33. 

, homogeneous, 134, 197. 

„ , iutimsity of, 14. 

,. . invisibility of, 3. 

, measurement of, 13. 

, monochromatic, 134, 197. 

„ , reconipo.sition white, 228. 
„ , reflection of, 33. 

. rev(M'sibility of, 34, 

„ , scattering of, 33, 55, 233, 
311. 

„ , sodium, 112. 

,, , sources of, 12. 

,, , theories of, 247. 

,, « » crucial test, 251. 

„ , velocity of, 237. 

, wave tlieorv of, 1, 103, 219, 
,white, 197,214, 218. 

Limit of vision, 311 

Lines in spectra, 212, 214. 

Long-sightedne8.s, 272, 273. 

Luminescence, 224. 

Luminous paint, 223. 

Lnmmer and Jifodku% 24. 

Lunar ecli):>se, 11. 

„ rainbow, 232. 

Magic lantern, 2l>3. 

Magnification by lenses, 160, 

„ f „ mirrors, 73. 

Magnifying glass, 270. 

„ power, 269. 

„ „ of lens, 271. 

o „ microscope, 

• 274, 310. 

„ .. „ telescope, 

. 287, 200. 


1 theory of light, 249. 

Hfedium, 3. 

, heterogeneous, 4. 

„ , homogeneous, 4. 

„ , opiiquo, 3. 

„ , translucent, 3. 

„ , tran.spareut, 3. 

Mercury- vapour lamp, 13. 

Mirhe}$on^ 245. 

Micrometer scale, 311. 

^ stage, 311. 

Microscopes, compound, 309. 

„ , magnifying jx)wer of, 

271, 310. 

„ , simple, 270, 2HL 

.Minimum deviation, 135, 110. 

„ „ , po>ition of, 

137, 139, 200, 317. 

Aliinge, 108. 

Mirmr'-, 34. 

, concave, 61, 63, 71, 76, 82 
,. , convex, 61, 63, 7 W 77, 188 

, cylindrical, 31, 258. 

„ . eilij^icaJ, 25 H. 

„ , inclined at an angle, 47, 4H 

„ . paraboloidal, 257. 

,, , |:>aranel, 46. 

„ . plane, 34. 

,, , pule of, 61. 

, rotating, #4 4. 

„ , ^phcri^ad, 34. 

Moonlight, intcn^-iiy of, 26. 

Mtdtiple images in a plate, 120,259 

M\opia, 272, 

Negative (*yo*pif*cc, 300, 

Aernst lamp, 12. 

AewUn, his colour disc, 228. 

„ „ prismatic experiment, 

, 198. 

•, „ lelcscof>e, 290. 

theory of light, 217 

Niool Prism, 339. 

Normal, 34. ^ 

Object glasses, 285, 294« 

Objective, 309. 

Opacity of mixtures, 127. 

Opera glasses, 309. 
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Ophthalmoscope, 278. 

Optical bench, 47. 

^ „ centre of lens, 145. 

„ lantern, 263. 

♦, pyrometer, 218. 

Osiliium lamp, 13. 

Paraboloidal mirrors, 267. 

Pencil, 4. 

„ , convergent, 4. 

„ , divergent, 4. 

„ , parallel, 4. 

Pentane lamp, 25. 

Penumbra, 10. 

I’ersistenoe of impressions, 279 

Phospiioresoence, 222. 

Phosphoroscope, BerqvereVs^ 223. 

Photographic camera, 262. 

Photome^rs, 19. 

„ , BumeiCs^ 22. 

„ , Flicker, 24. 

„ , Foucault's^ 20. 

„ , Joly's, 24. 

„ , Rumfoyd's^ 21. 

Photosphere, 216. 

Pinhole camera, 7, 262. 

Plane of incidence, 34. 

„ „ reflection, 34. 

PoiarisatioTi, Chap. XIII. 

Pole of mirror, 6^1. 

Positive eye-piece, 304. 

Power, dispersive, 204. 

„ of a lens, 164. 

Presbyopia, 269, 272, 276. 

Primary colours, 226. 

„ colour-sensations, 227. 

„ rainbow, 229. 

Principal axis, 61, 145. 

„ foci, 126. 

„ focus, 62, 63, 146. 

„ section, 62, 134. 

Principle of least time, 58, U4. 

Prismatic spectrum, 211. 

Prisms, 134t 

„ , achromatic, 206. 

„ , principal section of, 134. 

„ , refracting edge of, 134. 

„ „ angle of, 134. 


Pristos, refraction through, l&. 

„ , total reflection, 258, 

„ , Wollaston's^ 269. 

Pulf rush's refractometer, 319. 

Pupil of the eye, 269. 

Pyrometer, the optical, 218. 

Quarter-wave plate, 345. 

Quattz, transpaiency to ultra- 
violet light, 216. 

Rainband spectra, 221, 320. 

Rainbow, lunar, 232. 

„ solar, 229. 

Rfimsden's eye-piece, 304. 

Ray, 4. 

Reading telescope, 306. 

Real image, 36. 

Reoompositi^»n of white light, 228. 

Rectilinear propagation of light, 
6, 262. 

Red blindness, 227. 

Reflection, 33. 

„ , angle of, 34. 

„ at a plane mirror, 40. 

„ at a spherical mirror, 7 2. 

„ from rough surfaces, 55. 

„ , laws of, 35. 

„ , plane of, 34. 

„ , total, 106, 107. 

Refraction at a plane surface, 115. 
„ „ spherical surface, 

124. 

„ , atmospheric, 128. 

,, , double, 335. 

„ , laws of, 97. 

„ through a prism, 135. 

Refractive index, 100. 

„ „ absolute, 101, 103. 

„ „ relative, 100, 103. 

„ indices, table of, 104. 

Refractometer, 319. 

Refrangibility, 200. 

Retina, 266, 278. 

Reversibility of light, 34, 66. 

Roe^ner^ 238. 

Rwnfor^s phbtometer, 21. 

Saooharimetor, 347. 

Saturn’s rirfgs, 318. 
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Bca|teriii|[ of light, 55, 233, 3ll. 
Schvitevi aAjustim‘nt method, 
315. . / 

Sclerotic, 26r». 

Secondary axis, 62, 1-16. 

Secondary rainbow, 231. 

„ 8jH*oriji, 20H. 

Sulct live absorption, 220. 

Sextant, 54, 255. 

Shadow cone, 9 
Shadows, 9. 

Slioi‘t-sighte<lness, 272. 

Sign conviMitiou, (>♦>. 

Silherjnann s phftonieter, isl 
iSiiu* of angle, meaning of, 27. 
Sines, law- of, 9s. 

Sky, colour of, 233. 

S« lar cc]i|>g(‘, 11. • 

„ spectrum, 214. 

Solid angle, 29. 

Stmrees of ligld, 12. 

Spectacles, 1 19. 

Sj)ectra, 199. 

„ , abs''r)>lion, 22't. 

,, , comiKiristiit of. 313. 

„ <»f un^cs and vapours. 212, 

31«. 

„ „ lapiiils, 3 IS. 

„ ., metals, 212, 318. 

„ , pliotogniplis of. 31s. 

,, , s(‘conflary, 209. 

Spcctnimetor, 314, 

Spectn /scope, 311. 

„ , (liicct vision, 320. 

Spectrum, 199, 

„ anal vsis, 213. 

„ , imjmre, 20(1. 

„ , mapping of, 313, 317. 

„ , priNiriatic, 21 1. 

„ , pure, 2tK). 

. „ - , real. 202. 

„ V solar, 214. ^ 

„ , virtual, 203. 

„ , visible, 211. 

Speculum, 28.5, 290. 

Spherical aberration|62, 78,143,1 64 
„ lens, 324. 

„ mirrors, 61. 


Stage micrometer, 311. 

Standards of ligltjt, 25. 

Stanhope lens, 2S5. 

Star, aberration of, 239. 

Star, altitude of, 251, 

Stars in telescope, 291, 

Stellar motion, .318. 

Stercoscf/pe, 321. 

Stop.s, 80. 

Sun-light, intensity of, 26. 

Sun.set ■colour.s, 233. 

Surface cJlour, 220. 

tangent of angle, meaning of, 
26. 

ranlaliim lamp, 13. 

IVlescope, 2"^5. 

,, , tip/'iinro of, .3(»6. 

„ , hrigiitncsH oLimage of, 

2:m. ^ 

, ftn/tiro'it, .307. 

, m tcnifving ito'.vrr of, 
# M7, 290. 

„ , Vending tir vh erviric, 

Tt06. 

,. , rcileeiin^ ur Newlvmian, 

2'‘0. 

„ , ri'fii«ctingaHt toaornicHl, 

285. 

Tc.^t of tlntness, ^6. 
riiei/ries of liglit, 217, 24!b 
riu*or\ of colour, 227. 

Total rctlcction, ]o7. 

„ ,, prisms, 2v’»H. 

Transmi.sMon, ct»cfhcient (»f, 219. 

„ of radiation, 2lH. 
Twilight, 65, 129. 

Twinkling of stnr.s. 129, 

Hjira-'iolet. raus, 2ll, 216, 222. 
Umbra, in. 

Undniatorv tlicorv of light, 1,10.3, 
210 . 

• 

V’’acuum tube.s, 213, 224, 318. 
Velocity of light, 237. 

„ „ „ . Bradley t 

method, 339. 

24 



INDlBXt 


862 

Velocity of .light, 

* method, 

0t M «> yFoucaulVz 

* method, 243. 

,, „ „ , Jtoemef^s 

” method, 238. 

virtual image, 36. 

Visible spectrum, 211. 

Vision, binocular, 820. 

„ , distinct, 268. 

„ , limit of, 311. 

Vitreous humour, 266. 

Wave theory of light, 1, 103, 249. 


Wavef-length and colour, \104, iOO, 

^ 18 . ■ 

„ ' of FrmnIwfeT Ifnes, 215. 
WeUhaoh lamp, 12, 224. 

White light, 197, 214,218. 

„ due tt) incandescence, 

197. 

Wollaitorit his doublet, 285. 

„ „ prism, 259. 

„ on refractive index of 
liquids, 111. 

Yellow spot, 266. 

Young and Helmholtz^ 722. 
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